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Using conventional diagnostic methods to test for plant viruses requires 
knowledge of the pathogens likely to be associated with a host species. This 
knowledge can either be applied when using a targeted test method (e.g. 
ELISA or PCR) to identify required tests, or in bioassay, through knowing which 
viruses will transmit into which assay host. In the last decade High Throughput 
Sequencing (HTS) has revolutionised plant virology diagnostics, however, the 
knowledge and skills of the diagnostic virologist are needed to interpret the 
results of sequencing and to investigate the myriad of novel viruses reported 
using this technique. This thesis presents a body of published work and an 
accompanying linking document focussing on the development and application 
of these diagnostic technologies in a plant health/biosecurity setting. The 
thesis explores the use of diagnostic technologies in virus detection and 
discovery, but also in supporting research applications such as gathering the 
data necessary to support plant health risk assessment or carry out 
epidemiological studies on vector efficiency. The publications include a review 
of new virus records from the United Kingdom over a 35-year period, 
discussing the factors driving virus discovery such as changes in trade, 
research focus, and diagnostic technologies.  Two case studies are presented 
which investigate diseases of unknown aetiology utilising contrasting 
approaches to infer the causal agent/s of disease, one utilising biological 
demonstration, the other experimental design and statistical analysis. Two 
publications discuss the evaluation and validation of diagnostic techniques. 
The final publication describes an investigation into the relative efficiency of 
transmission of potato virus Y and potato virus A by a range of aphid species. 
The accompanying linking document discusses each publication in the context 
of the current literature, as well as discussing alternative approaches to 
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Historically, plant pests and diseases have been responsible for famine, mass 
migration, and societal change as a consequence of their impact upon food 
security. Between 1845 and 1849 the Irish potato famine, caused by late blight 
of potato Phytophthora infestans, killed or displaced around 25% of the 
population of Ireland (Fraser, 2003). The same pathogen caused failures in 
potato crops across Europe. Concurrent failures in cereal harvests caused by 
a combination of factors including fungal pathogens, also caused famine, 
mass-migration, and (arguably) civil unrest in mainland Europe (Zadoks, 
2008). Similarly, in 1943 an estimated 2 million people died in Bengal, India, 
as a result of shortages in the rice harvest due to brown spot of rice Bipolaris 
oryzae (synonym Helminthosporium oryzae), compounded by failures in 
contingency response by the civil administration (Padmanabhan, 1973). Aside 
from these high profile historic case studies, the impact of plant pests (sensu 
lato), and more specifically plant viruses, as a limiting factor for food security 
is not fully appreciated in societies with abundant food supplies. Losses will be 
unevenly distributed and likely to have greater impact in areas of poor food 
security (Savary et al., 2019). Strange and Scott (2005) noted that just 14 crops 
constitute the majority of global food supply and estimated that diseases were 
responsible for approximately a 10% reduction in yield. Estimates for losses in 
specific crops related to viral infections are circa 7%, 3%, and 2.5% for 
potatoes, maize and wheat respectively (Oerke, 2006). Notable examples of 
current food security issues caused by viral pathogens include the double 
constraints to production of cassava (Manihot esculenta), namely cassava 
brown streak disease  (Fig 1a) and cassava mosaic disease (Fig 1b) (Legg et 
al., 2015) and the rapidly emerging problem of maize lethal necrosis (Fig 1c) 
in East Africa (Wangai et al., 2012, Adams et al., 2013, Mahuku et al., 2015a).  
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Figure 1 (a) Internal necrosis in tubers of cassava (Manihot esculenta) as a 
result of infection with cassava brown streak virus. (b) chlorotic mosaic and 
leaf deformation of cassava as a result of infection with cassava mosaic virus. 
(c) Unaffected (tolerant) (left) and affected (right) maize (Zea mays) infected 
with the virus complex maize lethal necrosis disease. Images reproduced 
under creative commons (a) and (b) IITA Image library image (c) CIMMYT 
Image library  
 
Plant health is the term given to the regulatory control of plant pests and 
diseases with the aim of preventing outbreaks through the implementation of 
biosecurity measures. Plant health systems are guided by a series of 
standards implemented under the International Plant Protection Convention, 
that aims to “secure coordinated, effective action to prevent and to control the 
introduction and spread of pests of plants and plant products”. These are 
known as the International Standards on Phytosanitary Measures (ISPMs).  
The decision on the regulatory status of a given plant pest and the basis of 
control actions are governed by plant health pest risk analysis (PRA), the 
international standards for conducting PRAs are laid out in the ISPM guidelines 
for pest risk analysis (ISPM, 1996).  Each step of this process from initiation, 
through the key considerations for pest or pathogen entry, establishment, and 
spread, through to identification of mitigation measures for pest risk 
management are all underpinned by the need for accurate diagnostics. 
Generally, the application of these diagnostic methods can be separated into 
‘detection’ and ‘diagnosis’. Detection is the application of a diagnostic method 
to indicate the presence of a pest or disease in a given area, consignment in 
trade, or individual plant, whereas diagnosis is the use of that method as part 
of a broader multiphasic process to identify the causal agent of a malady, or 
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confirmation of the taxonomic identity of a previously detected pathogen 
(Adams et al., 2009). 
The appropriate interpretation of any test method relies on understanding the 
performance characteristic of each method for a given application through 
gathering specific supporting data, a process termed ‘validation’. These 
validation data inform the level of confidence in a positive or negative result. 
With the exception of ‘screening’ tests, diagnostic testing is generally 
performed as a multiphasic process, with a cascading array of tests from a 
suite of methods applied to a sample to determine the causal agent of a 
disease, or to detect and then identify the pathogen present. Each of these 
tests should be validated in line with their purpose in the diagnostic process 
(Roenhorst et al., 2018). This validation at the systems level is then supported 
by use of appropriate test controls and the expertise and knowledge 
accumulated within the diagnostic laboratory (Chabirand et al., 2016, 
Roenhorst et al., 2018). Screening tests may be integrated into a system as 
described above, however, they may also be used as stand-alone methods.  
Plant viruses present a diagnostic challenge due to their obligate nature. 
These pathogens cannot be cultured outside of a suitable host, and therefore 
cannot be isolated in pure cultures on artificial media as with bacterial and 
fungal pathogens. Consequently, virologists have had to rely on methods for 
the direct detection of pathogens from host plants. These detection methods 
can be brigaded into two groups namely ‘targeted’ and ‘non-targeted’ methods 
(Adams et al., 2009, Fox & Mumford, 2017). Briefly, targeted methods are 
designed to detect specific target pathogens, and may be designed to detect 
specific strains, species or groups of species. Targeted methods include 
serological methods e.g. Enzyme Linked Immunosorbent Assay (ELISA), or 
nucleic acid-based detection methods such as Nucleic Acid Spot Hybridisation 
(NASH), Polymerase Chain Reaction (PCR, RT-PCR, real-time PCR), or more 
recently Loop-mediated isothermal Amplification (LAMP) (Boonham et al., 
2014). Using these conventional direct detection methods to test for plant 
viruses requires a priori knowledge of the pathogens likely to be associated 
with a given host species allowing samples to be subjected to a panel of tests 
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giving a series of binary results (‘Positive’ or ‘Negative’) (Adams et al., 2018e, 
Maree et al., 2018). Traditionally non-targeted methods have relied on the 
visualisation of the presence of a virus either through symptom observation on 
a range of test plants following inoculation by grafting or through rubbing 
infected sap onto foliage with addition of an abrasive powder (Bioassay) 
(Verhoeven & Roenhorst, 2003, Roenhorst et al., 2013, Legrand, 2015), or 
through observation of viral particles by Transmission Electron Microscopy 
(TEM). These methods offer non-specific approaches for detection of viruses, 
and may give an indication of the identity of the virus detected, such as by 
symptom expression on a set of indicator hosts (Roenhorst et al., 2018), or 
particle morphology under a TEM (Brandes & Wetter, 1959). In some cases 
there have been reports of using non-target methods such as these for 
diagnosis (Zechmann & Zellnig, 2009). However, the application of these 
techniques and the interpretation of results relies on a high degree of 
experiential skill and knowledge. Additionally, due to the time and facility 
requirements to perform an individual test, these methods are not conducive 
to high-volume routine testing applications. Recently the development of High-
Throughput Sequencing techniques (HTS), also known as Next Generation 
Sequencing (NGS) has offered the advantages of non-target detection with the 
ability to identify a given sequence to species level in a single test (Roossinck 
et al., 2015). Since the first reports of HTS being used for plant virus detection 
(Adams et al., 2009, Al Rwahnih et al., 2009, Kreuze et al., 2009) the technique 
has been developed beyond a research support tool into a tool for frontline 
virus diagnostics (Adams et al., 2018e, Maree et al., 2018). The technique has 
had the impact of accelerating the speed and frequency at which previously 
unknown viruses can be detected and their nucleic acid sequences 
characterised. The impact of these diagnostic developments is now evident in 
the publication record, as discussed by Fox and Mumford (2017). However, 
with this increased range of detection, there is the issue of how plant health 
authorities should react to findings of previously unknown plant pathogens 
(MacDiarmid et al., 2013, Massart et al., 2017, Adams et al., 2018e, Olmos et 
al., 2018). 
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A number of HTS studies have focussed on field-level virome studies (Coetzee 
et al., 2010, Alabi et al., 2015), or broad ecological studies (Roossinck et al., 
2010). Many reports focus on elucidating the viruses present in single 
symptomatic samples with diseases of unknown aetiology (Roossinck et al., 
2015). Despite many publications discussing the potential for the technology 
in plant health, including the implications and applications of the technology 
(MacDiarmid et al., 2013, Mumford et al., 2016, Adams et al., 2018e, Maree et 
al., 2018), or for handling the outcomes of diagnostic testing (Massart et al., 
2017),  there are still relatively few reports on the practical application of the 
technology in a plant health/biosecurity setting. However, the limited number 
of plant health case studies do demonstrate the application of the technology 
as part of a broader general diagnostic workflow in supporting other 
conventional diagnostic approaches (Fox et al., 2016a, Fox et al., 2016b, 
Skelton et al., 2018a, Skelton et al., 2018b, Fox et al., 2019). The other main 
areas of application are screening asymptomatic material, either in germplasm 
collections or as part of certification schemes (Maree et al., 2018). There are 
several hurdles to this technology being adopted for routine use. Whilst cost 
issues are being addressed through novel applications of long standing 
approaches such as pooling samples (Verdin et al., 2017), the practical 
considerations of experimental design, sampling and interpretation of results 
have not been addressed to the same extent. Additional skills and knowledge 
are also required to turn this technology into a meaningful tool in plant health, 
such as technology validation, virus characterisation, epidemiological 
transmission studies, and causation theory, all of which are necessary to 
support risk assessment for previously unknown pathogens (Adams et al., 
2018e, Maree et al., 2018).  
The publications presented in this thesis explore the use of diagnostic 
technologies in support of plant health virology including virus discovery, 
experimental design, sampling, result interpretation and assay validation. 
Chapter 2 (Fox & Mumford, 2017) discusses the drivers behind first detections 
of novel viral pathogens in the United Kingdom over the last 35 years, 
presenting data linking changes in research focus, plant trade, and diagnostic 
technologies to the number and type of detections. Chapter 3 (Adams et al., 
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2013) details the use of HTS to identify the causal agents of Maize Lethal 
Necrosis, an emerging serious threat to food security in East Africa. Chapter 4 
(Adams et al., 2014b) describes an investigation into a necrotic root symptom 
in carrots. It describes an experimental design linking conventional molecular 
diagnostics with HTS data to infer the causal agent of disease, where a 
demonstration of Koch’s postulates was not feasible. This study detected four 
new virus species, including two species from a new genus.  Chapter 5 (Fox 
et al., 2005) compares two methods for potato virus diagnostics over a time 
course and presents the advantages and disadvantages of each method. This 
study was the first to compare the advantages of a direct molecular analysis 
with a serological method. Chapter 6 (Fox et al., 2015) details the first use of 
HTS to simultaneously detect a complex of viruses and viroids from true seed. 
The study was a first in the published record to comparatively assess HTS and 
real-time RT-PCR. Chapter 7 (Fox et al., 2017a) reports a virus epidemiology 
study looking at transmission. This study identified previously unreported aphid 
vectors of potato virus Y (PVY; Potyvirus) and potato virus A (PVA; Potyvirus), 
as well as generating a first published relative transmission index for PVA. This 
thesis aims to discuss how these different elements link together in support of 
novel virus discovery through to plant health risk assessment and how the 
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1.2 Discussion 
1.2.1 Context of new findings 
 
The development and application of new diagnostic technologies in support of 
plant health virology has been a major driving force in monitoring the spread 
of emerging plant viruses and in facilitating the discovery of previously 
undescribed pathogens. Chapter 2 is  a review of first virus detections and 
novel discoveries in the UK, covering the last 35 years (Fox & Mumford, 2017). 
Discussing the drivers behind first detections at the national level and findings 
of novel viral pathogens, the review presents data on the number and type of 
detections in the UK. There are few comprehensive reviews of pest detections 
and interceptions at the national level, yet these data underpin the basis of 
quarantine regulations and plant health actions (Shivas et al., 2006, Jones & 
Baker, 2007). Often such reviews focus on these pathogens being new 
introductions to geographic regions but overlook the underlying drivers of 
discoveries. Whilst some of these will be recent introductions, Fox and 
Mumford (2017) also discuss the drivers of these detections, linking changes 
in research focus, plant trade, and the impact of improved diagnostic 
technologies to the patterns of novel findings and first detections for the UK. 
For instance improved diagnostics, combining HTS-based screening 
integrated with conventional methods, has led to the discovery and further 
investigation of multiple novel viruses in a broad range of plant species 
(Roossinck et al., 2015). Most recently these drivers also include low volume 
unregulated internet trade in plant species which may harbour pathogens 
which pose risk to cultivated staple crops such as a suite of novel viruses 
detected in Ullucus tuberosus (Fox et al., 2019). Although seemingly novel, 
these viruses were considered to be of regulatory significance due their 
genetic and serological similarity to quarantine viruses, and likely origin in 
South America. Additionally, this case study also highlights the potential 
similarity between the ‘novel’ viruses detected through sequencing and those 
viruses previously described from the host by either biological or serological 
characterisation.  
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The gap between virus discovery and demonstrating the plant health 
implications of these pathogen candidates is now a serious barrier to the 
routine application of HTS technology in regulatory plant health (MacDiarmid 
et al., 2013, Massart et al., 2017, Adams et al., 2018e, Maree et al., 2018, 
Olmos et al., 2018). 
 
1.2.2 Developing high throughput sequencing for plant virology 
 
On discovering a novel pathogen there are essential data that must be 
collected to support the risk assessment of that pathogen, these data can also 
support decisions on actions to contain or eradicate the pathogen if necessary. 
These data include taxonomic placement, epidemiology including information 
on transmission pathways, host range, and not least, assessing the causal 
relationship to disease and the potential impact of the pathogen (Massart et 
al., 2017, Adams et al., 2018e, Olmos et al., 2018). 
Chapters 3 and 4 describe the detection of characterised and previously 
uncharacterised viral pathogens by High-Throughput Sequencing from field 
grown samples affected by diseases of unknown aetiology. Wangai et al. 
(2012) reported the presence of Maize Lethal Necrosis disease in Kenya, 
similar to the previously reported corn lethal necrosis, it is a synergistic disease 
complex resulting from simultaneous infection by maize chlorotic mottle virus 
(MCMV, genus Tymovirus) and a potyvirus (Niblett & Claflin, 1978). 
Simultaneous work reported by Adams et al. (2013) (Chapter 3) demonstrated 
that the disease was caused by divergent isolates of previously characterised 
viruses and that conventional diagnostic approaches could be unreliable for 
the detection of these pathogens. The disease was shown to be rapidly 
emerging as a food security issue throughout East and Central Africa (Adams 
et al., 2014a, Lukanda et al., 2014, Mahuku et al., 2015a, Mahuku et al., 2015b, 
Fentahun et al., 2017). This discovery has also facilitated further research 
aimed at controlling the disease such as gaining a better understanding of the 
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aetiology of the disease (Stewart et al., 2017), and screening maize breeding 
lines for disease resistance (Beyene et al., 2017).  
This integrated diagnostic approach was also applied in other crops with 
diseases of unknown aetiology. For at least ten years, a necrotic root symptom 
had been evident in carrot crops in the UK. Anecdotal evidence from growers 
and horticultural consultants, using approaches based on likely candidates and 
available diagnostics, failed to reveal a causal relationship between the viruses 
that were detected and the symptom.  Using HTS, Adams et al. (2014b) 
revealed multiple potential disease causing candidates including several novel 
viruses and previously characterised pathogenic viruses. The study aimed to 
utilize experimental design, conventional and next-generation diagnostic 
technology and statistical analysis to address alternative approaches to 
inferring causal association from any such complex infections, where 
experimental demonstration may not be feasible. This study indicated a 
potential causal agent of the observed symptom in carrot yellow leaf virus 
(CYLV; Closterovirus) and also revealed multiple hitherto undescribed viruses 
in UK carrots as incidental findings. Among the previously undescribed viruses 
was a tentative novel virus, carrot closterovirus-1, closely related to Carrot 
yellow leaf virus which appeared to be a possible disease causing substitute 
species, present in the few necrotic carrots where CYLV was absent. Two 
novel betaflexiviruses were revealed from a new genus, Chordovirus, namely 
carrot ch virus-1 and carrot ch virus-2. Additionally, a novel virus from the 
genus Torradovirus, carrot torradovirus-1 (CaTV-1), was also described. 
Previously described members of the genus Torradovirus had been largely 
found infecting tomato crops (Verbeek et al., 2007, Verbeek et al., 2008, 
Verbeek et al., 2010a, van der Vlugt et al., 2015), and these tomato-infecting 
torradoviruses were shown to be transmitted by whiteflies (Verbeek et al., 
2014b, Amari et al., 2017). Among the non-tomato-infecting torradoviruses, 
three appeared to form a distinct clade Lettuce necrotic leaf curl virus, 
Motherwort yellow mottle virus, and Carrot torrado virus-1 (Adams et al., 
2014b, Verbeek et al., 2014a, Seo et al., 2015, van der Vlugt et al., 2015, 
Rozado-Aguirre et al., 2017a). CaTV-1 was further characterised and real-time 
PCR diagnostic assays were developed (Rozado-Aguirre et al., 2016, Rozado-
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Aguirre et al., 2017a).  Field distribution data indicated that infected plants were 
present at high incidence which was greater towards field margins and 
hedgerows, implicating the potential involvement of an invertebrate vector 
introducing the virus into the crop (Fox et al., 2017b). Given the absence of 
reports of whiteflies from carrot crops in the UK it was thought to be unlikely 
that this virus was being transmitted by whiteflies and it was demonstrated that 
it was transmitted by aphids (Rozado-Aguirre et al., 2016). Subsequent work 
on LNLCV also implicated aphid vectors in the epidemiology of this virus, 
suggesting a clade of non-tomato-infecting torradoviruses with aphid vectors  
(Verbeek et al., 2017). CaTV-1 was later shown to be present in carrot crops 
in mainland Europe (Rozado-Aguirre et al., 2017b), in an uncultivated species 
in Greece (Lotos et al., 2018), in a perennial apiaceous herb in Japan (Tokuda 
et al., 2019), and in Apium graveolens in Germany (Gaafar & Ziebell, 2019), 
however the impact of this virus remains unclear. 
Because of work such as that detailed above, HTS is now routinely applied in 
the laboratories at Fera Science Ltd, York, UK. This has led to multiple first 
detections and disease notes being published using the methods described 
(Harju et al., 2012, Fox et al., 2016a, Fox et al., 2016b, Reeder et al., 2017, 
Skelton et al., 2018a, Skelton et al., 2018b). Additionally, applying an 
integrated diagnostics approach informed by HTS in a regulatory plant health 
setting led to the detection and discovery of multiple novel viruses in the 
species Ullucus tuberosus. HTS was used to provide definitive diagnosis 
where conventional targeted methods such as ELISA, RT-PCR, and real-time 
RT-PCR could not, due to their specificity (Fox et al., 2019). The HTS data 
were also used to support initial outbreak risk assessments for the novel 
viruses.  This included viruses considered to be of Andean origin with the 
potential to affect solanaceous species, which led directly to a change in EU 
legislation.  U. tuberosus has consequently been added to the list of species 
with prohibited entry into the EU territory (Commission Implementing 
Regulation (EU) 2018/2019). 
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1.2.3 Understanding the aetiology of disease  
 
1.2.3.1 Koch’s postulates 
Given the rate of novel virus discovery facilitated by HTS, there is a renewed 
imperative to explore the inference of causal relationships between detections 
and disease, separating out the causal agents from the commensal organisms. 
Definitively linking a novel candidate pathogen with an observed symptom of 
disease requires extensive biological characterisation (MacDiarmid et al., 
2013, Massart et al., 2017, Adams et al., 2018e). In plant pathology the 
accepted paradigm for causation is the experimental demonstration of Koch’s 
postulates following isolation of the putative pathogenic agent (Rivers, 1937, 
Evans, 1976).  These causation criteria, as expressed by Robert Koch, were 
(A) The pathogen occurs in every case of the disease in question and under 
circumstances which can account for the pathological changes and clinical 
course of the disease. (B) The pathogen occurs in no other disease as a 
fortuitous and non-pathogenic parasite. (C) After being isolated from the 
infected host and repeatedly grown in pure culture, the pathogen can induce 
the disease when introduced to a previously unaffected host (adapted from 
Rivers (1937) translation of Koch’s original work). An adaptation of Koch’s 
postulates, largely focussing on aspect (C) has been adopted as the gold 
standard in plant pathology.  
1.2.3.2 The limitations of Koch’s postulates in plant virology 
Koch’s postulates have been widely reviewed, discussed and adapted in the 
light of subsequent scientific developments in biomedical sciences and 
occupational medicine (Bradford Hill, 1965, Evans, 1976, Fredericks & 
Relman, 1996). However, in plant pathology these postulates dogmatically 
remain the prevailing principles for inferring causation. The postulates are 
based on the one pathogen-one disease paradigm of infection biology and are 
inadequate in cases of diseases with polymicrobial causes such as Acute Oak 
Decline (Denman et al., 2017). Even as early as 1937 the limitations of Koch’s 
postulates were recognised in the then emerging field of virology (Rivers, 
1937). For example, at the gross scale, plants have a limited range of reactions 
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to viral infections, and more than one virus species may induce similar disease 
symptoms on a given host e.g. the spraing inducing viruses of potato (Solanum 
tuberosum) potato mop-top virus and tobacco rattle virus (Mumford et al., 
2000).   Conversely, the same virus species may induce a diverse range of 
observable symptoms, or may infect asymptomatically on a given host species 
due to differences in virus isolate, cultivar, time after infection, and 
environmental conditions, providing a significant challenge in satisfying Koch’s 
first two postulates. As obligate pathogens, viruses cannot be grown outside 
of susceptible hosts, and even if a virus could be isolated from an infected host 
into a pure culture, growing this in an alternate host or in tissue culture host 
may not adequately satisfy Koch’s third postulate (Rivers, 1937). An additional 
complication arises because the majority of plant-affecting viruses are RNA 
based, with poor replication fidelity leading to them existing as quasispecies, 
or clouds of mutant genomes (Eigen et al., 1989, Domingo, 2002). This 
phenomenon, which is thought to confer fitness to adapt to changing 
evolutionary pressures, also has the consequence that obtaining a ‘pure’ 
population in sensu stricto will not be achievable.  Simultaneous co-infections 
of viruses, or multiple virus strains, in field-grown plants are not uncommon 
(Adams et al., 2014a, Adams et al., 2014b, Skelton et al., 2018a, Skelton et 
al., 2018b, Fox et al., 2019). Separating out multiple viruses to demonstrate 
whether a disease is due to a single component of a polyspecies infection, or 
the result of interactions between multiple viruses in complex, is time 
consuming and technically challenging. Some viruses may only be 
transmissible through a vector, or may require a helper virus, or encapsidation 
to facilitate transmission, such as in the case of carrot necrotic dieback virus 
(formerly Anthriscus strain of Parsnip yellow fleck virus) and carrot mottle virus 
in the carrot motley dwarf virus complex. Additionally, there may be multiple 
broad host range viruses present, which provide significant challenges when 
trying to isolate novel viruses from complex infections, as this would normally 
be achieved through single lesion isolation or through use of differential hosts. 
One proposed universal solution to support virus characterisation is the 
broader use of infectious clones in such studies (Massart et al., 2017), 
however, creating infectious clones requires time and resource. In cases 
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where multiple novel viruses are detected in single or bulked samples, e.g. the 
case of viruses of Ullucus tuberosus (Fox et al., 2019) or carrot root necrosis 
(Adams et al., 2014b), or where a study generates many novel viral pathogen 
candidates, such as the Kenyan maize virome (Adams et al., 2018e), the 
combination of prioritising viruses for further study combined with the need for 
rapid risk assessment renders this approach unwieldy in a plant health setting. 
Although these limitations of Koch’s postulates have been previously 
recognised (Massart et al., 2017), the suitability of alternate approaches for 
determining causal relationships of disease have not been discussed with 
respect to plant virology (Adams et al., 2018e). The cases presented in 
Chapters 3 and 4 generated a combination of basic epidemiological 
observations, biological characterisation, and extensive sequence data on the 
presence of viruses in affected and unaffected hosts. Although both studies 
were based upon HTS, they also generated real-time PCR and PCR primers 
to facilitate further high throughput cost effective studies of virus distribution 
and impact. Given these factors and the limited applicability of Koch’s 
postulates, alternate approaches for inferring causation would be desirable. 
Rivers (1937) gave two points for considering causation in a virus-disease 
relationship: (a) A specific virus must be found associated with a disease with 
a degree of regularity and (b) The virus must be shown to occur in the sick 
individual not as an incidental or accidental finding but as the cause of the 
disease under investigation. In a case such as Pansy Mottle Syndrome with a 
reported association with the presence of viola white distortion-associated 
virus (Ciuffo et al., 2014), further biological work would still be needed to 
confirm a causal link due to the relatively poor incidence and correlation 
between virus and disease (Fox et al., 2016b). Rivers’ first criteria is therefore 
too subjective for effective application.   Whilst a disease such as carrot root 
necrosis could be shown to be regularly associated with carrot yellow leaf virus 
(CYLV) through diagnostic supported aetiological observation  (Adams et al., 
2014b), the proportion of asymptomatic roots infected with CYLV suggests a 
background of asymptomatic-infected individuals in the population and does 
not allow for Rivers’ second consideration to be satisfied. However, this 
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second consideration may, in effect, be interpreted as the same requirement 
for an experimental demonstration of causation proposed by Koch.  
1.2.3.3 Alternate approaches to causal inference  
In 1965, Sir Austin Bradford Hill gave the President’s address to the Section of 
Occupational Medicine, at the Royal Society of Medicine (Bradford Hill, 1965). 
As a medical statistician Bradford Hill’s address was focused on the largely 
abiotic environmental factors found in Occupational Medicine. The nine 
principles discussed, now termed ‘The Bradford Hill criteria’ (Table 1), have 
become widely referenced in support of determining causal associations with 
disease. 
 
Table 1. The Bradford-Hill criteria for inferring causation from epidemiological 
observation (Bradford Hill, 1965)   
Criteria  Consideration 
Strength How strongly correlated is the association between 
putative cause and disease? 
Consistency Is the same finding observed in different populations in 
different places/times/etc? 
Specificity Is the effect seen in a specific population without any 
other likely explanation? 
Temporality Does exposure come before effect? 
Biological Gradient Is there an observed dose response? 
Plausibility Is there a plausible relationship/mechanism between 
factor and effect? 
Coherence Is the causal association compatible with present 
knowledge of the disease? 
Experiment Can the relationship be investigated by 
experimentation? 
Analogy Does the relationship between factor conform to a 
previously described relationship? 
 
 
   29 
 
The criteria include considerations of the strength, consistency, and specificity 
of the relationship between symptom observation and the presence of a 
putative causal agent. The criteria take into account factors relating to 
symptom development such as a temporal relationship or biological gradient, 
i.e. is the pathogen candidate present before symptoms are observed and is 
there a dose response? It also considers whether a relationship can be 
considered valid where an analogous relationship is observed elsewhere. Hill 
also included considerations gained through experimental investigations, such 
as the coherence and plausibility of a causal relationship, ensuring that 
epidemiological observation aligns with experimental results and that there is 
a likely mechanistic relationship that can be demonstrated. Within the criteria 
there is also the consideration of demonstrating the relationship through 
experimental investigation, either through a positive demonstration (i.e. Koch’s 
postulates) or through a reduction in symptom development by exclusion of 
the putative causal agent. Bradford Hill (1965) notes that this is where the 
strongest evidence of a causal relationship is likely to arise. These criteria were 
not intended to give an absolute demonstration of causation, but instead to 
provide a framework against which epidemiological data could be weighed in 
determining a causal association. These criteria have also been reviewed in 
light of the use of data integration in molecular epidemiology (Fedak et al., 
2015). They are adaptable and often cited in biomedicine. Despite them having 
been previously used to indicate potential causal relationships in virology, such 
as associating human papilloma viruses (Genus Betapapillomavirus) with 
oropharyngeal carcinoma (Walvik et al., 2016), they have not yet been applied 
within a plant virology study. Latterly, Fredericks and Relman (1996) proposed 
seven points for considering molecular evidence for determining causal 
relationships between pathogen and disease using nucleotide sequence 
based detection methods (Table 2). The considerations broadly align with 
those of Bradford Hill (1965). 
Fredericks and Relman (1996) proposed that sequence of the putative 
pathogen should be present in ‘most’ cases of disease and associated with 
organs with pathology, that fewer or no sequences should be present in 
asymptomatic organs, and that tissue sequence correlates should be 
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investigated at the cellular level, these broadly align with Bradford-Hill’s criteria 
of specificity, strength and consistency of relationship. The consideration that 
the amount of sequence should decrease with resolution of disease, and 
conversely increase with relapse, and that the putative pathogen should be 
present before disease, are consistent with temporality and biological gradient 
(dose response). 
 
Table 2. Criteria for inferring causation from molecular (nucleic acid sequence 
based) data after Fredericks and Relman (1996) 
i. 
 
Nucleic acid sequence of the putative pathogen should be present in ‘most’ 
cases of an infectious disease (and should be associated with organs 
showing pathology) 
ii. Fewer/no sequences should be detected from hosts or organs without 
pathology  
iii. When disease is resolved sequence should decrease, and increase with 
relapse 
iv. Detection before disease, or a dose response is more likely to indicate a 
causal relationship 
v. The nature of the putative pathogen inferred from the sequence should be 
consistent with characteristics of that group of organisms 
vi. Tissue sequence correlates should be sought at the cellular level  
vii. Sequence based forms of evidence should be reproducible 
 
Fredericks and Relman also included considerations of analogy, plausibility 
and coherence, in that they concluded that the nature of the putative pathogen 
inferred from the presence of sequence should be consistent with the 
characteristics of that group of organisms. Seeking tissue/sequence correlates 
at a cellular level could be achieved through either in situ hybridisation assays 
or by observation of cellular changes, such as cytoplasmic pinwheel 
inclusions, although these may be induced by other factors (Wilson et al., 
1976).  Additionally, the requirement that sequence-based forms of evidence 
should be reproducible strongly implies a need for gathering such data through 
experimentation. Adams et al. (2013) discovered that maize plants inoculated 
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with sap from maize lethal necrosis (MLN) symptomatic plants infected with 
maize chlorotic mottle virus (MCMV) and sugarcane mosaic virus (SCMV) 
developed necrotic streaking, although only MCMV was found to be present in 
the inoculated test plants. This cannot be considered as a successful 
demonstration of Koch’s postulates. Despite this, both existing reports from 
outside Africa and subsequent reports of the disease distribution associated 
with both viruses suggested a strong, consistent, coherent, plausible causal 
relationship  (Niblett & Claflin, 1978, Xie et al., 2011, Adams et al., 2014a, 
Lukanda et al., 2014, Mahuku et al., 2015a, Mahuku et al., 2015b, Fentahun 
et al., 2017). However, the specificity of this relationship remains in question 
with a range of viruses potentially inducing symptoms that are consistent with 
MLN (Adams et al., 2017).  
1.2.3.4 Applying statistical approaches for causal inference 
The other approach often taken to infer causal relationships is the application 
of Bayesian probability. These approaches have been applied in many 
disciplines where there is a need to draw causal inferences from large 
datasets. The main application of Bayesian probability in plant pathology is in 
calculating the likelihood of genetic relationships during the construction of 
phylogenetic trees. However, using a biostatistical approach can also be of 
use where other experimental demonstrations of causation cannot be readily 
achieved. This approach was taken in investigating carrot root necrosis 
(Adams et al., 2014b). As multiple potential causal agents were present in both 
symptomatic and asymptomatic samples, it was apparent that symptom 
development was not a consistent cause-effect relationship. The statistical 
analysis indicated that removing carrot yellow leaf virus from the pathosystem 
would reduce the presence of necrotic carrot roots by 96%, and no other virus 
present in the samples was significantly associated with the presence of 
necrosis. This gives weight to the strength of the association, despite the 
presence of large numbers of virus positive asymptomatic roots. Similarly, as 
with the situation observed with MLN, there remains the question of the 
specificity of the relationship. In the sequence analysis one symptomatic root 
was found to contain a novel closterovirus (tentatively named carrot 
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closterovirus-1) rather than carrot yellow leaf virus. However, as both viruses 
are closely related, this could be an analogous causal relationship and further 
work needs to be carried out to confirm this.  
A statistical approach must be applied with caution and preferably not in 
isolation. Care should be taken to ensure that the experiment is appropriately 
designed and controlled, and associated observations are made on the 
incidence, impact and epidemiology of the disease under investigation. Pansy 
Mottle Syndrome is another malady of unknown aetiology affecting cultivated 
Viola hybrids (Pansies), which has been recognised since the 1960’s (Fox et 
al., 2016b). Symptoms include deformation of leaves and white ‘bleaching’ in 
patches of foliage rendering plants unfit for sale (Figure 2).  
 
 
Figure 2. Bleaching and leaf deformation, a symptom of Pansy Mottle 
Syndrome, associated with infection by viola white distortion associated virus.  
 
Symptom development was unpredictable and often transient, but has been 
anecdotally linked to periods of high temperature and light intensity.  Ciuffo et 
al. (2014) reported the presence of a novel virus tentatively named viola white 
distortion associated virus (VWDaV, Genus Ilarvirus) in Viola x wittrockiana.  
Similarly to the carrot situation described above (Adams et al., 2014b), a high 
number of asymptomatic infected individuals combined with unknown factors 
influencing symptom development provided significant challenges to making 
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inferences on causal associations between the pathogen candidate and 
disease. An attempt was made to apply an analogous approach to that used 
in the carrot work to investigate this issue (Fox et al., 2016b). However due to 
the unpredictable nature of symptom development adequate numbers of 
affected and unaffected plants could not be obtained from a single crop or even 
nursery, meaning that the samples tested were from multiple nurseries and a 
range of varieties. Samples were tested in three groups representing two 
symptom types and an asymptomatic control. A high proportion of pansies 
tested (63.5%-73.3%) were positive for the virus in both symptomatic and 
apparently healthy (asymptomatic) sample groups. These data suggest that 
the virus is widespread in pansy germplasm, and whilst this does not exclude 
the virus as a component of Pansy Mottle Syndrome there are other drivers of 
symptom expression which remain undetermined. 
The examples discussed above demonstrate how improved diagnostic 
technologies, such as HTS, can be applied in frontline plant health laboratories 
to support investigations into causal relationships where traditional 
approaches are fruitless. The experimental demonstration of causation should 
and will remain the gold standard. However, given this is not always possible, 
or may be undesirable due to the time taken to gather appropriate data, an 
approach utilising epidemiological observations, supported by statistical 
analysis, based on rigorous observation and careful experimental design can 
give valid insights into causal relationships.  
1.2.3.5 An integrated approach for plant virology  
From considering the frameworks suggested by previous authors (Rivers, 
1937, Bradford Hill, 1965, Evans, 1976, Fredericks & Relman, 1996, Fedak et 
al., 2015) and the more recent reports of investigating diseases of unknown 
aetiology (Adams et al., 2014b, Ciuffo et al., 2014, Fox et al., 2016b, Denman 
et al., 2017), integrating these approaches allows a hierarchical set of 
causation criteria to be formulated (Table 3). Determination of causation can 
be simplified to four key considerations encompassing the multiple criteria 
previously reported. These are experimental evidence, strength of relationship, 
consistency of relationship, and the dual consideration of coherence and 
 
   34 
 
plausibility.  The application of these considerations should not be rigid and 
could be approached either serially or sequentially. They should be applied on 
a case by case basis and are intended to encourage a rigorous approach to 
considering causation.  
 
Table 3. A simplified hierarchical approach for considering a causal 
relationship in plant virology. 
 
Criteria Suggested approaches 
Experiment An isolate should be inoculated into an uninfected host and 
observed for symptom development, thus satisfying Koch’s 
3rd postulate and Bradford-Hill’s Experiment criteria.  
Strength This should be based on field/glasshouse observation. 
Experimental design should as a minimum include HTS and 
statistical analysis of affected and symptomless individuals, 
accounting for polymicrobial effects and latent infections.  
Consistency This can be considered using the same approach as for 
Strength above but should be repeated at multiple 
geographic locations and/or at different times.  
Coherence and 
Plausibility 
Are there any confounding factors in these data, e.g. 
symptomatic individuals without evidence of infection or 
does symptom appear before infection?  
Are there similar effects reported in other pathosystems to 
support the conclusions? This could be the same, or related 
viruses in the same, or related hosts.  
 
Experimental demonstration should remain the primary consideration, this 
could be at the macro-level, or could be on specific plant parts e.g. roots or 
fruit, or could be at the cellular level, satisfying Fredericks and Relman’s criteria 
(ii) and (vi). Strength of relationship should also include a measure of the 
specificity of the causal relationship, but this should not be an absolute. 
Strength of relationship in itself does not indicate causation, but instead gives 
a sound basis for further investigations. Consistency of relationship could be 
considered to satisfy the ‘repeatability’ criteria of Fredericks and Relman 
(1996) with respect to strength of the relationship between cause and effect. If 
 
   35 
 
appropriate supporting metadata are also collected, such as field conditions, 
agronomy, prevailing environmental conditions etc. Consistency data should 
also indicate if there are contributing abiotic factors, cultivar influences, or the 
impact of polyspecies or substitute species. This consistency also 
encompasses Bradford Hill’s (1965) ‘specificity’. Considerations of coherence 
and plausibility become a ‘catch all’ acting as a check on the data gathered in 
support of strength and consistency measures outlined above.  
 
1.2.4 Validation of methods 
 
The ability to determine whether a given test result is reliable, and whether a 
laboratory is competent to conduct such testing, is essential. Measurement of 
whether a test is ‘fit for purpose’ is achieved by determining the performance 
characteristics of a test (validation) and monitored through ongoing quality 
control measures to ensure a test is performing within predetermined 
parameters. Basic quality control measures, such as the inclusion of 
appropriate positive and negative controls, can be used to give an ongoing 
measure that a test is performing as expected. In some methods, such as 
ELISA, these controls are also essential in ascertaining a positive sample 
result with reference to a threshold calculated against a known negative control 
result (Clark & Adams, 1977, Sutula et al., 1986). In other methods a more 
complex array of controls may be needed as described by Chabirand et al. 
(2016). 
1.2.4.1 Validation in plant health laboratories 
The need for effective validation in plant health diagnostic laboratories has 
increased due to a focus on accreditation to international standards such as 
ISO 17025:2005 (ISO/IEC, 2005) being used to demonstrate the competence 
of a laboratory to perform a test. Accreditation may be gained at either the test 
level (using a method for detecting a specific target on a specified host matrix), 
known as ‘fixed scope’, or where a generic method is used, such as real-time 
PCR for nucleic acid-based detection, it may be attained at the method level, 
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termed ‘flexible scope’. To guide plant health laboratories in validating the 
array of tests used to an acceptable level, the European Plant Protection 
Organisation (EPPO) has produced technical standards on basic quality 
management and validating tests (OEPP/EPPO, 2018a, OEPP/EPPO, 
2018b). However, prior to these standards being published, laboratories 
carried out validation in a more ad-hoc manner. Where there has been a 
demonstrable need to improve the reliability or performance of an existing test 
this was achieved through comparative method performance studies. An 
example where this has been carried out over many years is in post-harvest 
testing of potato tubers. Field certification of seed potato crops based on visual 
observation can be unreliable as current season (primary) infections cannot be 
readily observed. Additionally, due to low virus titre in the case of late season 
primary infection (infection during the growing season) and potato-infecting 
potyviruses being difficult to detect following periods of tuber storage (De Bokx 
& Cuperus, 1987, Barker et al., 1993), direct detection using serological 
methods (e.g. ELISA) is unreliable. Therefore, the current global standard test 
was, and still is, a forced grow-out where tuber dormancy is broken through 
either the use of gibberellic acid (Fox et al., 2005), ‘Rindite’ (ethylene 
chlorhydrin – ethylene dichloride – carbon tetrachloride 7 : 3 : 1) (Varga & 
Ferenczy, 1956, Vetten et al., 1983), or through natural sprouting (Hill & 
Jackson, 1984). The resulting grown-out plantlets are then tested for the 
presence of viruses using serological methods, such as ELISA. However, this 
method is time consuming as it can take 4-6 weeks to complete testing, and 
plants have to be grown out in a glasshouse, making large scale testing by this 
method resource intensive. Multiple studies attempted to determine more 
reliable and sensitive methods for direct detection of potato-infecting 
potyviruses including Digoxigenin-labelled probes (DIG-probes) (Singh & 
Singh, 1995). In the early 2000’s an improved PCR technique, real-time PCR 
was developed for the detection of a range of potato viruses (Boonham et al., 
2000, Mumford et al., 2000) and later published as a laboratory protocol 
(Boonham et al., 2009). Fox et al. (2005) (Chapter 5) aimed to assess the 
reliability of direct detection of PVY by real-time RT-PCR and ELISA, 
comparing it to the traditional ELISA-supported growing out test. Unlike the 
 
   37 
 
previous work of Barker et al. (1993) the study aimed to give a true time course 
of detection throughout the storage period, rather than an end point.  The study 
also gave a measure against an ‘overall’ positive result for each tuber test by 
combining results from each test method with those obtained by testing the 
remaining tuber, with the aim of determining the false negative rate for each 
method. The study demonstrated the reliability of direct detection by nucleic 
acid-based methods throughout the post-harvest storage period, providing 
supporting evidence for the broad adoption of real-time PCR. 
This approach of testing method performance against a previously validated 
method remains an integral part of the validation process (OEPP/EPPO, 
2018b). However, in 2009 the publication of this standard introduced set 
performance characteristics such as determining the sensitivity (limit of 
detection; LoD), specificity (range of detection), also testing to determine the 
robustness of a method including selectivity (do cultivar or host matrix 
influence upon the test), repeatability (is the test repeatable at LoD), and 
reproducibility (does the test work on different brands of machine, on different 
days, with different operators). The standard also introduced annexes giving 
criteria to allow these characteristics to be assessed for the breadth of test 
methods applied across all biological disciplines  (Chabirand et al., 2016, 
OEPP/EPPO, 2018b). However, apart from morphological identification 
(microscopy), the approaches listed apply to targeted methods, and require 
the scope of a test to be specified for a given method to detect a pathogen 
target in a specifc host and matrix. The validation of a universal non-target 
method, such as HTS, therefore presents a challenge in defining the scope for 
validation, and in effect cannot be fully validated for the detection of ‘unknown’ 
pathogens.  
1.2.4.2 Validation of HTS 
As part of an approach to understand how HTS could be validated broadly in 
line with the EPPO standard, Fox et al. (2015) (Chapter 6) investigated the 
application of sequencing for the simultaneous detection of viruses and viroids 
from tomato seeds. Solanaceae-infecting pospiviroids present a distinct 
challenge to plant health diagnostic laboratories. Viroids do not code for 
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proteins, so cannot be detected using serological approaches, they are robust 
due to having a complimentary secondary structure, they are relatively 
thermally stable and can survive outside of a host for extended periods (Mackie 
et al., 2015). Viroids are reported to be seed-transmissible pathogens, and 
there have been several outbreaks in commercial tomato and pepper crops 
associated with seed transmission, although the reported rates of seed 
transmission are variable and the importance of seed as a transmission 
pathway remains unquantified (EFSA, 2011, Chambers et al., 2013, Van 
Brunschot et al., 2014, Constable et al., 2019). This uncertainty of the risk of 
solanaceous seed as a transmission pathway, combined with the high volume 
of internationally traded seed has resulted in many countries adopting 
diagnostic testing for an increasing range of pospiviroids from consignments 
of solanaceous seeds (mainly tomato and pepper) entering their territories. For 
instance, to export a consignment of tomato seeds to Australia requires a test 
of 20,000 seeds, for a range of nine tomato-affecting pospiviroids (Constable 
et al., 2019). Therefore, there was a demonstrable need to investigate a 
universal detection method which could offer the sensitivity of molecular 
detection allied to a broad multiplex detection capability. The aim of the study 
described by Fox et al. (2015) was to investigate the relative sensitivity of HTS 
for detecting two pospiviroids (potato spindle tuber viroid and columnea latent 
viroid), and pepino mosaic virus, using an rRNA-depleted total RNA 
sequencing strategy with the current laboratory standard protocol. The study 
used a serial dilution approach, diluting known infected seeds in supposedly 
uninfected seed which was commercially purchased and imported to the UK 
under a plant passport. The study demonstrated that HTS could detect the two 
pospiviroids in the seed samples, despite there being a loss of sensitivity by 
comparison to the real-time RT-PCR method. However, the study also showed 
that the supposedly healthy seed was contaminated with multiple tomato-
infecting viruses as the analysis indicated that the HTS approach had 
simultaneously detected pepino mosaic virus, tobacco mosaic virus, cucumber 
mosaic virus, tomato bushy stunt virus, potato leafroll virus and a novel 
member of the genus Cavemovirus from both the serial dilution samples and 
the ‘uncontaminated’ control sample. This was the first report to use HTS to 
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simultaneously detect a range of viruses and viroids from true seed of tomato 
(Solanum lycopersicum), demonstrating the potential for this method for 
application in import screening.  
Validation of HTS has been previously discussed for clinical applications, and 
these findings may prove useful as guidance for plant pathology applications 
to indicate possible approaches to validation (Mattocks et al., 2010, Frampton 
et al., 2013, McCourt et al., 2013, Salto-Tellez & Gonzalez de Castro, 2014). 
Essential validation factors have been investigated such as defining the 
minimum depth of sequencing for reliable detection of viruses (Visser et al., 
2016), and assessing the relative merits of different sequencing strategies 
across a range of virus taxa (Pecman et al., 2017). Despite these advances, 
HTS has still not been fully validated for use in plant virology. The challenges, 
and costs, which have inhibited broad uptake of the method, allied to the plant 
health concerns related to detecting previously unknown viruses have 
restricted progress in this area. Ultimately, the existing standard frameworks, 
such as EPPO PM7/98 (OEPP/EPPO, 2018b), can be readily applied for 
validating HTS as a ‘megaplex’ diagnostic platform for previously 
characterised pathogens. As validation cannot be achieved for ’unknowns’, 
these detections will require further confirmation preferably employing a 
different biological principal. However, as plant health virus diagnostics is a 
multiphasic process, the principal of confirmation testing using a separate test 
should continue to be used to ensure a system-level validation of novel 
detections by HTS (Roenhorst et al., 2018). 
 
1.2.5 The vector specificity of some aphid-borne viruses 
 
1.2.5.1 The background 
The dissemination and establishment of a virus into a new geographic region 
is intrinsically linked to the movement of infected host plants and/or viruliferous 
vectors. Once an infected host has been planted, usually in the form of a 
propagation cutting, a bulb or seed tuber, the main plant health risk then comes 
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from onward transmission of the virus to uninfected hosts. Beyond the viruses 
considered to be of quarantine importance such as those specifically listed in 
the EC plant health directive (2000/29/EC), there are a large number of viruses 
which are already present in the UK which cause yield and quality impacts. 
Where these viruses are recognised to be disseminated through vegetative 
propagation their spread and consequent impact may be mitigated through 
plant health propagation schemes. Such schemes are used to ensure high 
health input planting material for a range of vegetatively propagated crops 
including soft fruits (Fragariae, Rubus and Ribes), and top fruits (Malus, and 
Pyrus). The most common of these schemes are for the production of seed 
potatoes. Within seed potato certification schemes historically the virus most 
commonly detected was the persistently transmitted potato leaf roll virus 
(PLRV). However, from the 1990’s the emergence of more effective chemical 
controls meant that non-persistently transmitted viruses, particularly the 
potyviruses including PVY, became more prominent (Pickup et al., 2009). This 
virus has a global distribution and in the UK it was noted that the incidence of 
potato virus A was markedly higher than the incidence in other seed potato 
producing countries, responsible for up to 22% of mosaic virus symptoms 
observed during official inspections in Scottish seed potatoes (Pickup et al., 
2009, Pickup et al., 2010). This was considered to be partly due to the 
influence of varietal susceptibility. Investigations were also conducted over 
four years to examine the timing of transmission of this virus by comparison to 
strains of potato virus Y, to see whether there were potential differences in the 
suite of aphid vectors driving transmission of this virus (Pickup et al., 2010). 
However, this correlative approach required further supporting data to gain a 
better understanding of the dynamics of epidemics of PVY and PVA. 
Additionally to facilitate the development of prediction-based decision support 
for virus management based on vector monitoring (Northing, 2009), further 
work was needed to validate the relative transmission efficiencies (Relative 
Efficiency Factor; REF) of aphid vectors with emergent recombinant strains of 
PVY. Previous studies into relative transmission efficiencies had been 
conducted, showing that PVY was transmissible by at least 25 species of 
aphid, but these had employed a range of methods for acquiring viruliferous 
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aphids, and a variety of inoculation hosts, and consequently the outcomes of 
these REF studies were not directly comparable (see review by Lacomme et 
al. (2017)).  
1.2.5.2 The general approach 
One study comparing PVYO, PVYN, PVYNTN, and PVYN-Wilga strains had used 
a single aphid clone as a reference control, combined with high numbers of 
individual aphids in each repetition, to allow for comparisons between relative 
transmission efficiencies for each aphid species with each virus strain  
(Verbeek et al., 2010b). To allow comparability with UK isolates and aphid 
clones the method was replicated by Fox et al. (2017a) (Chapter 7) utilising 
the same Myzus persicae control clone (Mp2). This study reported, for the first 
time, the willow-carrot aphid (Cavariella aegopodii) as a moderately efficient 
vector of PVY, and reported a first set of REFs for PVA, including first reports 
of Aphis fabae, Metopolophium dirhodum, Sitobion avenae, Acyrthosiphon 
pisum and C. aegopodii as vectors of PVA. Additionally, the study used a 
binomial (logit) model to examine inter-clone, and virus strain variation in 
transmission efficiency, demonstrating that the greatest influence was virus 
titre in the donor leaf. The REFs generated across these studies were then 
used to support the UK potato aphid monitoring programme (Northing, 2009, 
AHDB, 2019).  
1.2.5.3 Applying the same methodology to other viruses 
Following the discovery of a novel member of the genus Torradovirus, CaTV-
1, infecting carrots (Daucus carota) in the UK (Adams et al., 2014b), 
epidemiological observations suggested that the virus was vectored by an 
insect  (Fox et al., 2017b). The previously described torradoviruses had been 
demonstrated to be transmitted by whitefly vectors (Verbeek et al., 2014b, van 
der Vlugt et al., 2015, Amari et al., 2017). However, a lack of entomological 
records for whitefly on carrot in the UK, indicated these were unlikely to be the 
vector driving transmission of CaTV-1. Therefore, aphid transmission of CaTV-
1 was studied using a method modified from previous studies (Verbeek et al., 
2010b, Rozado-Aguirre et al., 2016, Fox et al., 2017a). This study 
demonstrated that both C. aegopodii and M. persicae were able to vector the 
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virus, the first torradovirus shown to be aphid-vectored (Rozado-Aguirre et al., 
2016).  M. persicae had not been widely recognised as a vector of carrot 
viruses. For instance, Waterhouse and Murant (1983) found that M. persicae 
could not transmit carrot red leaf virus (CtRLV; Polerovirus). However, a recent 
study indicated that, on some hosts at least, M. persicae could transmit CtRLV 
and consequently the other viruses of the carrot motley dwarf complex 
(Naseem et al., 2016). This information, combined with studies on other carrot 
viruses (Latham & Jones, 2004) suggest that M. persicae should be re-
considered as a vector of carrot viruses in the UK.  Additionally, studies on 
another non-tomato-infecting torradovirus, lettuce necrotic leaf curl virus 
(LNLCV), demonstrated transmission of the virus by the aphid species 
Nasonovia ribisnigri, and acquisition of the virus by C. aegopodii (Verbeek et 
al., 2014a, Verbeek et al., 2017).  
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1.3 Conclusions and Future prospects 
 
The publications discussed here use an integrated diagnostics approach in 
plant virology to support a range of investigations, such as elucidating the 
causal agents of diseases of unknown aetiology, and also validation studies to 
demonstrate the performance characteristics of diagnostic methods. These 
papers also demonstrate a significant contribution to expanding the scientific 
knowledge of plant virology and to the development of novel diagnostic 
techniques into frontline applications. Over the last decade, high throughput 
sequencing has undoubtedly revolutionised plant virus diagnostics, revealing 
a new diversity of plant viruses and shedding light on hitherto unrecognised 
viruses such as those with a ‘persistent lifestyle’ (Roossinck, 2010). However, 
in terms of plant health virology, the fundamentals remain largely unchanged, 
on finding a new pathogen candidate studies need to be conducted to 
demonstrate the impact, incidence, distribution, and associated risk of the 
pathogen. During the period of writing this thesis there has also been the first 
reported use of HTS to resolve the identity of multiple novel viruses of plant 
health regulatory significance (Fox et al., 2019), an application of this 
technique only made possible from the previous HTS development work 
discussed in this thesis.  
1.3.1.1 Closing the gaps 
There remain applications of HTS in diagnostics which need to be further 
developed. For example, the potential of HTS methods to give an unbiased 
picture of the virus health status of a plant could greatly enhance current 
procedures in post-entry quarantine or certification of propagation material. 
These approaches could give a quantifiable measure of freedom from viral 
diseases, allowing plants to be traded internationally with a ‘metagenomic 
plant passport’ (Maree et al., 2018, Villamor et al., 2019). This would 
circumvent the current extensive time periods taken for post-entry quarantine, 
greatly reducing the costs of the process for both regulatory authorities in 
conducting the tests and for growers in having to delay commercial production. 
However, to get to a point of international acceptance by regulatory authorities 
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there needs to be a focus on validation of the technology for inclusion in 
diagnostic standards. The capacity for sequencing in bulk would see the ‘per 
sample’ cost reduce. One key factor which affects both the ability to bulk 
samples and to give confidence that the method can adequately detect total 
viral nucleic acids from a sample is to quantify the necessary minimum 
sequencing depth. There are few studies looking at this aspect of work (Visser 
et al., 2016, Pecman et al., 2017), more work is needed to elucidate minimum 
depth of sequence for different viral taxa or sample host matrices across 
different sequencing strategies and platforms. This could then allow HTS to be 
used as a generic technology, sequencing from ‘whole field’ samples in bulk 
to show presence or absence of pathogens in a cost-effective manner. 
Alternatively, this approach could be used to identify candidate pathogens from 
bulked samples, supported with follow-up testing by conventional methods to 
also give further data on incidence and distribution. This approach is currently 
being trialled at Fera Science through AHDB project FV 459 Surveillance 
approaches, impact and epidemiology of virus diseases to improve 
management strategies.  
Over the longer term, HTS will inevitably be accepted as a stand-alone tool for 
detection and diagnosis in plant health laboratories. For this to happen, issues 
around technology validation and standardisation, and demonstrations of 
operator competence need to be overcome for regulatory authorities to 
develop trust in HTS approaches.  A recent proficiency test focused on 
sequence analysis has demonstrated that this is also needed for bioinformatics 
analysis pipelines (Massart et al., 2019). The final challenge for the adoption 
of HTS will be to address assessing the plant health risk posed by the large 
volume of novel, previously undescribed viruses being detected. Rapidly sifting 
the high-risk pathogen candidates from the ubiquitous, but previously 
undescribed pathogens, or the persistent-lifestyle pathogens (Adams et al., 
2018e). Predicting the host range and vectors of viruses based on sequence 
data motifs has been attempted for arboviruses (human and animal 
pathogens) (Babayan et al., 2018). Applying this approach to plant viruses will 
be more challenging given the broader range of hosts, and vectors which may 
be involved. For example, some sequence motifs are reported to be related to 
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biological characteristics, such as the DAG motif linked to aphid transmissibility 
in potyviruses (Harrison & Robinson, 1988). The presence of this motif has 
been used to predict aphid transmision of the ipomoviruses cassava brown 
streak virus, squash vein yellowing virus and coccinia mottle virus (Ateka et 
al., 2017). However, such predictive studies will need to be further 
underpinned by extensive characterisation of both the virus and vector to 
better understand the underlying drivers of the relative differences in vector 
efficiency. However, there are significant knowledge gaps which can only be 
addressed through experimental investigation, such as the example of the 
vectors of viruses of the genus Torradovirus discussed in section 1.2.5.3. 
where the aphid vectors could not be predicted based on prior knowledge.  
1.3.1.2 Looking back to go forward 
In working out the potential risks of novel viruses and gathering the essential 
data to underpin pest risk assessment there is also an untapped reserve of 
biological data which could be accessed, in terms of those viruses and virus 
isolates held in historic collections. In many cases these viruses were identified 
and biologically characterised in an era before access to either Sanger 
sequencing or HTS. Identifying viruses in collections which are linked to 
previous publications could be used to circumvent biological characterisation 
with access to these isolates’ sequence data, such as those linked to the 
reports in Ullucus tuberosus  (Fox et al., 2019). Work is ongoing to curate and 
sequence these historic isolates from collections (Adams et al., 2018a, Adams 
et al., 2018b, Adams et al., 2018c, Adams et al., 2018d, Fribourg et al., 2019). 
A coordinated international project starting in late 2019, Euphresco-
“VirusCurate”, will help to accelerate this effort, providing sequence data to 








Adams I, Braidwood L, Stomeo F, Phiri N, Uwumukiza B, Feyissa B, Mahuku 
G, Wangai A, Smith J, Mumford R, 2017. Characterising maize viruses 
associated with maize lethal necrosis symptoms in sub Saharan Africa. 
bioRxiv 161489. 
Adams I, Harju V, Hodges T, Hany U, Skelton A, Rai S, Deka M, Smith J, 
Fox A, Uzayisenga B, 2014a. First report of maize lethal necrosis disease in 
Rwanda. New Disease Reports 29, 22. 
Adams I, Miano D, Kinyua Z, Wangai A, Kimani E, Phiri N, Reeder R, Harju 
V, Glover R, Hany U, Souza-Richards R, Deb Nath P, Nixon T, Fox A, 
Barnes A, Smith J, Skelton A, Thwaites R, Mumford R, Boonham N, 2013. 
Use of next‐generation sequencing for the identification and characterization 
of Maize chlorotic mottle virus and Sugarcane mosaic virus causing maize 
lethal necrosis in Kenya. Plant Pathology 62 (4), 741-749. 
Adams IP, Abad J, Fribourg CE, Boonham N, Jones RA, 2018a. Complete 
genome sequence of Potato virus T from Bolivia, obtained from a 33-year-old 
sample. Microbiology Resource Announcements 7, e01066-01018. 
Adams IP, Boonham N, Jones RA, 2018b. A 33-Year-Old Plant Sample 
Contributes the First Complete Genomic Sequence of Potato Virus U. 
Microbiology Resource Announcements 7, e01392-01318. 
Adams IP, Boonham N, Jones RA, 2018c. Full-Genome Sequencing of a 
Virus from a 33-Year-Old Sample Demonstrates that Arracacha Mottle Virus 
Is Synonymous with Arracacha Virus Y. Microbiology Resource 
Announcements 7, e01393-01318. 
Adams IP, Fox A, Boonham N, Jones RaC, 2018d. Complete Genomic 
Sequence of the Potyvirus Mashua virus Y, Obtained from a 33-Year-Old 
Mashua (Tropaeaolum tuberosum) Sample. Microbiology Resource 
Announcements 7 (15), e01064-01018. 
Adams IP, Fox A, Boonham N, Massart S, De Jonghe K, 2018e. The impact 
of high throughput sequencing on plant health diagnostics. European Journal 
of Plant Pathology, 1-11. 
Adams IP, Glover RH, Monger WA, Mumford R, Jackeviciene E, 
Navalinskiene M, Samuitiene M, Boonham N, 2009. Next‐generation 
sequencing and metagenomic analysis: a universal diagnostic tool in plant 
virology. Molecular Plant Pathology 10, 537-545. 
Adams IP, Skelton A, Macarthur R, Hodges T, Hinds H, Flint L, Nath PD, 
Boonham N, Fox A, 2014b. Carrot yellow leaf virus is associated with carrot 
internal necrosis. PLoS One 9, e109125. 




   47 
 
Al Rwahnih M, Daubert S, Golino D, Rowhani A, 2009. Deep sequencing 
analysis of RNAs from a grapevine showing Syrah decline symptoms reveals 
a multiple virus infection that includes a novel virus. Virology 387, 395-401. 
Alabi O, Al Rwahnih M, Jifon J, Gregg L, Crosby K, Mirkov T, 2015. First 
report of Pepper vein yellows virus infecting pepper (Capsicum spp.) in the 
United States. Plant Disease 99, 1656. 
Amari K, Gonzalez-Ibeas D, Gómez P, Sempere R, Sanchez-Pina M, Aranda 
M, Diaz-Pendon J, Navas-Castillo J, Moriones E, Blanca J, 2017. Tomato 
torrado virus is transmitted by Bemisia tabaci and infects pepper and 
eggplant in addition to tomato. Plant Disease 92 (7), 1139. 
Ateka E, Alicai T, Ndunguru J, Tairo F, Sseruwagi P, Kiarie S, Makori T, 
Kehoe MA, Boykin LM, 2017. Unusual occurrence of a DAG motif in the 
Ipomovirus Cassava brown streak virus and implications for its vector 
transmission. PLoS One 12, e0187883. 
Babayan SA, Orton RJ, Streicker DG, 2018. Predicting reservoir hosts and 
arthropod vectors from evolutionary signatures in RNA virus genomes. 
Science 362, 577-580. 
Barker H, Webster K, Reavy B, 1993. Detection of potato virus Y in potato 
tubers: a comparison of polymerase chain reaction and enzyme-linked 
immunosorbent assay. Potato Research 36, 13-20. 
Beyene Y, Gowda M, Suresh L, Mugo S, Olsen M, Oikeh SO, Juma C, 
Tarekegne A, Prasanna BM, 2017. Genetic analysis of tropical maize inbred 
lines for resistance to maize lethal necrosis disease. Euphytica 213;224, 1-
13. 
Boonham N, Kreuze J, Winter S, Van Der Vlugt R, Bergervoet J, Tomlinson 
J, Mumford R, 2014. Methods in virus diagnostics: from ELISA to next 
generation sequencing. Virus Research 186, 20-31. 
Boonham N, Laurenson L, Weekes R, Mumford R, 2009. Direct detection of 
plant viruses in potato tubers using real-time PCR. In. Plant Pathology: 
Techniques and Protocols. Springer, 249-258.  
Boonham N, Walsh K, Mumford R, Barker I, 2000. Use of multiplex real‐time 
PCR (TaqMan) for the detection of potato viruses. EPPO Bulletin 30, 427-
430. 
Bradford Hill A, 1965. The environment and disease: association or 
causation? In. Proceedings of the Royal Society of Medicine, Section of 
Occupational Medicine. Sage Publishing, 295-300. (58, 5.) 
Brandes J, Wetter C, 1959. Classification of elongated plant viruses on the 
basis of particle morphology. Virology 8, 99-115. 
Chabirand A, Anthoine G, Fox A, Laurenson L, 2016. Quality assurance for 
molecular testing in plant health. In: Boonham N, Tomlinson J, Mumford R, 
eds. Molecular Methods in Plant Disease Diagnostics: Principles and 
Protocols. CAB International, Wallingford, Oxfordshire, UK. Wallingford, UK: 
CABI.  
 
   48 
 
Chambers G, Seyb A, Mackie J, Constable F, Rodoni B, Letham D, Davis K, 
Gibbs M, 2013. First report of Pepper chat fruit viroid in traded tomato seed, 
an interception by Australian biosecurity. Plant Disease 97, 1386-1386. 
Ciuffo M, Pacifico D, Margaria P, Turina M, 2014. A new ilarvirus isolated 
from Viola× wittrockiana and its detection in pansy germoplasm by qRT-PCR. 
Archives of Virology 159, 561-565. 
Clark MF, Adams A, 1977. Characteristics of the microplate method of 
enzyme-linked immunosorbent assay for the detection of plant viruses. 
Journal of General Virology 34, 475-483. 
Coetzee B, Freeborough M-J, Maree HJ, Celton J-M, Rees DJG, Burger JT, 
2010. Deep sequencing analysis of viruses infecting grapevines: virome of a 
vineyard. Virology 400, 157-163. 
Constable F, Chambers G, Penrose L, Daly A, Mackie J, Davis K, Rodoni B, 
Gibbs M, 2019. Viroid-infected Tomato and Capsicum Seed Shipments to 
Australia. Viruses 11, (2):98, 1-14. 
De Bokx J, Cuperus C, 1987. Detection of potato virus Y in early‐harvested 
potato tubers by cDNA hybridization and three modifications of ELISA. EPPO 
Bulletin 17, 73-79. 
Denman S, Doonan J, Ransom-Jones E, Broberg M, Plummer S, Kirk S, 
Scarlett K, Griffiths AR, Kaczmarek M, Forster J, 2017. Microbiome and 
infectivity studies reveal complex polyspecies tree disease in Acute Oak 
Decline. The ISME Journal 12, 386-399. 
Domingo E, 2002. Quasispecies theory in virology. Journal of Virology 76, 
463-465. 
Ec, 2000/29/EC. COUNCIL  DIRECTIVE 2000/29/EC on  protective  
measures   against   the  introduction   into  the   Community  of  organisms   
harmful  to plants  or  plant  products  and  against  their  spread  within  the  
Community 
Efsa, 2011. EFSA Panel on Plant Health. Scientific Opinion on the 
assessment of the risk of solanaceous pospiviroids for the EU territory and 
the identification and evaluation of risk management options1831-4732 
Eigen M, Mccaskill J, Schuster P, 1989. The molecular quasi‐species. 
Advances in Chemical Physics 75, 149-263. 
Evans AS, 1976. Causation and disease: the Henle-Koch postulates 
revisited. The Yale Journal of Biology and Medicine 49, 175-195. 
Fedak KM, Bernal A, Capshaw ZA, Gross S, 2015. Applying the Bradford Hill 
criteria in the 21st century: how data integration has changed causal 
inference in molecular epidemiology. Emerging Themes in Epidemiology 12, 
1-9. 
Fentahun M, Feyissa T, Abraham A, Kwak HR, 2017. Detection and 
characterization of maize chlorotic mottle virus and sugarcanemosaic virus 
associated with maize lethal necrosis disease in Ethiopia: an emerging threat 
 
   49 
 
to maize production in the region. European Journal of Plant Pathology 149, 
1011-1017. 
Fox A, Adams I, Hany U, Hodges T, Forde S, Jackson L, Skelton A, Barton 
V, 2015. The application of Next-Generation Sequencing for screening seeds 
for viruses and viroids. Seed Science and Technology 43, 531-535. 
Fox A, Collins L, Macarthur R, Blackburn L, Northing P, 2017a. New aphid 
vectors and efficiency of transmission of Potato virus A and strains of Potato 
virus Y in the UK. Plant Pathology 66, 325-335. 
Fox A, Evans F, Browning I, 2005. Direct tuber testing for Potato Y potyvirus 
by real‐time RT‐PCR and ELISA: reliable options for post‐harvest testing? 
EPPO Bulletin 35, 93-97. 
Fox A, Fowkes A, Buxton-Kirk A, Jackson L, Forde S, Ward R, Macivor A, 
Harju V, Skelton A, Adams I, 2016a. First report of Potato aucuba mosaic 
virus in Solanum jasminoides in the United Kingdom. New Disease Reports 
34, 32. 
Fox A, Fowkes A, Skelton A, Harju V, Buxton‐Kirk A, Kelly M, Forde S, Pufal 
H, Conyers C, Ward R, Weekes R, Boonham N, Adams I, 2019. Using High 
Throughput Sequencing in support of a plant health outbreak reveals novel 
viruses in Ullucus tuberosus (Basellaceae). Plant Pathology 68, 576-587. 
Fox A, Harju V, Skelton A, Jackson L, Buxton-Kirk A, Forde S, England J, 
Lazenby M, Suarez-Martinez F, Adams I, 2016b. First report of Viola white 
distortion associated virus in Viola tricolor in the United Kingdom. New 
Disease Reports 34, 1. 
Fox A, Mumford R, 2017. Plant viruses and viroids in the United Kingdom: An 
analysis of first detections and novel discoveries from 1980 to 2014. Virus 
Research 241, 10-18. 
Fox A, Rozado Z, Adams I, Skelton A, Dickinson M, Boonham N, 2017b. 
Investigating the viral causes of internal necrosis in carrot. Acta Horticulturae 
1153: International Symposium on Carrot and Other Apiaceae 1153, 245-
250. 
Frampton GM, Fichtenholtz A, Otto GA, Wang K, Downing SR, He J, Schnall-
Levin M, White J, Sanford EM, An P, 2013. Development and validation of a 
clinical cancer genomic profiling test based on massively parallel DNA 
sequencing. Nature Biotechnology 31, 1023-1031. 
Fraser ED, 2003. Social vulnerability and ecological fragility: building bridges 
between social and natural sciences using the Irish Potato Famine as a case 
study. Conservation Ecology 7, 1-9. 
Fredericks D, Relman DA, 1996. Sequence-based identification of microbial 
pathogens: a reconsideration of Koch's postulates. Clinical Microbiology 
Reviews 9, 18-33. 
Fribourg C, Gibbs AJ, Adams I, Boonham N, Jones RaC, 2019. Biological 
and Molecular Properties of Wild potato mosaic virus Isolates from Pepino 
(Solanum muricatum). Plant Disease, Online, https://doi.org/10.1094/PDIS-
12-18-2164-RE 
 
   50 
 
Gaafar YZ, Ziebell H, 2019. Complete genome sequence of a highly 
divergent carrot torradovirus 1 strain from Apium graveolens. Archives of 
Virology, 1-5. 
Harju V, Skelton A, Forde S, Bennett S, Glover R, Monger W, Adams I, 
Boonham N, Fox A, 2012. New virus detected on Nasturtium officinale 
(watercress). New Disease Reports 25, 1. 
Harrison BD, Robinson D, 1988. Molecular variation in vector-borne plant 
viruses: epidemiological significance. Philosophical Transactions of the Royal 
Society of London. B, Biological Sciences 321, 447-462. 
Hill S, Jackson EA, 1984. An investigation of the reliability of ELISA as a 
practical test for detecting potato leaf roll virus and potato virus Y in tubers. 
Plant Pathology 33, 21-26. 
Iso/Iec, 2005. ISO/IEC 17025: 2005 General requirements for the 
competence of testing and calibration laboratories. 2005 
Ispm, 1996. International Standards for Phytosanitary Measures No 2 
Guidelines for Pest Risk Analysis, FAO. Rome.  
Jones D, Baker R, 2007. Introductions of non‐native plant pathogens into 
Great Britain, 1970–2004. Plant Pathology 56, 891-910. 
Kreuze JF, Perez A, Untiveros M, Quispe D, Fuentes S, Barker I, Simon R, 
2009. Complete viral genome sequence and discovery of novel viruses by 
deep sequencing of small RNAs: a generic method for diagnosis, discovery 
and sequencing of viruses. Virology 388, 1-7. 
Lacomme C, Pickup J, Fox A, Glais L, Dupuis B, Steinger T, Rolot J-L, 
Valkonen JP, Kruger K, Nie X, 2017. Transmission and Epidemiology of 
Potato virus Y. In. Potato virus Y: biodiversity, pathogenicity, epidemiology 
and management. Zurich, Switzerland: Springer, 141-176.  
Latham LJ, Jones RA, 2004. Carrot virus Y: symptoms, losses, incidence, 
epidemiology and control. Virus Research 100, 89-99. 
Legg JP, Kumar PL, Makeshkumar T, Tripathi L, Ferguson M, Kanju E, 
Ntawuruhunga P, Cuellar W, 2015. Cassava virus diseases: biology, 
epidemiology, and management. In. Advances in Virus Research. Elsevier, 
85-142. (91.) 
Legrand P, 2015. Biological assays for plant viruses and other graft‐
transmissible pathogens diagnoses: a review. EPPO Bulletin 45, 240-251. 
Lotos L, Olmos A, Katis N, Maliogka V, 2018. First Report of Carrot torrado 
virus 1 and Carrot thin leaf virus Naturally Infecting Torilis arvensis ssp. 
arvensis in Greece. Plant Disease 102, 2049. 
Lukanda M, Owati A, Ogunsanya P, Valimunzigha K, Katsongo K, Ndemere 
H, Kumar PL, 2014. First report of Maize chlorotic mottle virus infecting 
maize in the Democratic Republic of the Congo. Plant Disease 98, 1448  
Macdiarmid R, Rodoni B, Melcher U, Ochoa-Corona F, Roossinck M, 2013. 
Biosecurity implications of new technology and discovery in plant virus 
research. PLoS Pathogens 9, e1003337. 
 
   51 
 
Mackie A, Coutts B, Barbetti M, Rodoni B, Mckirdy S, Jones R, 2015. Potato 
spindle tuber viroid: stability on common surfaces and inactivation with 
disinfectants. Plant Disease 99, 770-775. 
Mahuku G, Lockhart BE, Wanjala B, Jones MW, Kimunye JN, Stewart LR, 
Cassone BJ, Sevgan S, Nyasani JO, Kusia E, 2015a. Maize lethal necrosis 
(MLN), an emerging threat to maize-based food security in sub-Saharan 
Africa. Phytopathology 105, 956-965. 
Mahuku G, Wangai A, Sadessa K, Teklewold A, Wegary D, Adams I, Smith 
J, Braidwood L, Feyissa B, Regassa B, 2015b. First report of maize chlorotic 
mottle virus and maize lethal necrosis on maize in Ethiopia. Plant Disease 
99, 1870-1870. 
Maree HJ, Fox A, Al Rwahnih M, Boonham N, Candresse T, 2018. 
Application of HTS for routine plant virus diagnostics: State of the art and 
challenges. Frontiers in Plant Science 9, 1082. 
Massart S, Candresse T, Gil J, Lacomme C, Predajna L, Ravnikar M, 
Reynard J-S, Rumbou A, Saldarelli P, Škorić D, 2017. A framework for the 
evaluation of biosecurity, commercial, regulatory, and scientific impacts of 
plant viruses and viroids identified by NGS technologies. Frontiers in 
Microbiology 8, 45. 
Massart S, Chiumenti M, De Jonghe K, Glover R, Haegeman A, Koloniuk I, 
Komínek P, Kreuze J, Kutnjak D, Lotos L, François Maclot, Varvara 
Maliogka, Hans J. Maree, Thibaut Olivier, Antonio Olmos, Mikhail M. 
Pooggin, Jean-Sébastien Reynard, Ana B. Ruiz-García, Dana Safarova, 
Pierre H. H. Schneeberger, Noa Sela, Silvia Turco, Eeva J. Vainio, Eva 
Varallyay, Eric Verdin, Marcel Westenberg, Yves Brostaux, Candresse T, 
2019. Virus detection by high-throughput sequencing of small RNAs: Large 
scale performance testing of sequence analysis strategies. Phytopathology 
109, 488-497. 
Mattocks CJ, Morris MA, Matthijs G, Swinnen E, Corveleyn A, Dequeker E, 
Müller CR, Pratt V, Wallace A, 2010. A standardized framework for the 
validation and verification of clinical molecular genetic tests. European 
Journal of Human Genetics 18, 1276. 
Mccourt CM, Mcart DG, Mills K, Catherwood MA, Maxwell P, Waugh DJ, 
Hamilton P, O'sullivan JM, Salto-Tellez M, 2013. Validation of next 
generation sequencing technologies in comparison to current diagnostic gold 
standards for BRAF, EGFR and KRAS mutational analysis. PLoS One 8, 
e69604. 
Mumford R, Macarthur R, Boonham N, 2016. The role and challenges of new 
diagnostic technology in plant biosecurity. Food Security 8, 103-109. 
Mumford R, Walsh K, Barker I, Boonham N, 2000. Detection of Potato mop 
top virus and Tobacco rattle virus using a multiplex real-time fluorescent 
reverse-transcription polymerase chain reaction assay. Phytopathology 90, 
448-453. 
 
   52 
 
Naseem M, Ashfaq M, Khan A, Kiss Z, Akhtar K, Mansoor S, 2016. 
Transmission of viruses associated with carrot motley dwarf by Myzus 
persicae. Journal of Plant Pathology 98, 581-585. 
Niblett C, Claflin L, 1978. Corn lethal necrosis-a new virus disease of corn in 
Kansas. Plant Disease Reporter 62, 15-19. 
Northing P, 2009. Extensive field based aphid monitoring as an information 
tool for the UK seed potato industry. Aspects of Applied Biology: Potatoes,94 
31-34. 
Oepp/Eppo, 2018a. PM 7/84 (2) Basic requirements for quality management 
in plant pest diagnostic laboratories 
Oepp/Eppo, 2018b. PM 7/98 (3) Specific requirements for laboratories 
preparing accreditation for a plant pest diagnostic activity. 
Oerke E-C, 2006. Crop losses to pests. The Journal of Agricultural Science 
144, 31-43. 
Olmos A, Boonham N, Candresse T, Gentit P, Giovani B, Kutnjak D, Liefting 
L, Maree H, Minafra A, Moreira A, 2018. High‐throughput sequencing 
technologies for plant pest diagnosis: challenges and opportunities. EPPO 
Bulletin 48, 219-224. 
Padmanabhan S, 1973. The great Bengal famine. Annual Review of 
Phytopathology 11, 11-24. 
Pecman A, Kutnjak D, Gutiérrez-Aguirre I, Adams I, Fox A, Boonham N, 
Ravnikar M, 2017. Next generation sequencing for detection and discovery of 
plant viruses and viroids: comparison of two approaches. Frontiers in 
Microbiology 8, 1998. 
Pickup J, Davie K, Fox A, Highet F, Holmes R, Dale F, 2009. Epidemiology of 
viruses in Scottish seed potatoes. Aspects of Applied Biology: Potatoes 94, 
5-10. 
Pickup J, Fox A, Holmes R, Highet F, Davie K, Lacomme C, 2010. Potato 
viruses PVA and PVY - do they have the same aphid vectors? . Proceedings 
of Crop Protection in Northern Britain 2010, 219-224. 
Reeder R, Edgington S, Baucas N, Joshi R, Bas-Ilan M, Skelton A, Fowkes 
A, Harju V, Ward R, Kelly M, 2017. First report of Turnip yellow mosaic virus 
in Chinese cabbage and rocket in the Philippines. New Disease Reports 36, 
8. 
Rivers TM, 1937. Viruses and Koch's postulates. Journal of Bacteriology 33, 
1-12. 
Roenhorst J, Botermans M, Verhoeven J, 2013. Quality control in bioassays 
used in screening for plant viruses. EPPO Bulletin 43, 244-249. 
Roenhorst J, De Krom C, Fox A, Mehle N, Ravnikar M, Werkman A, 2018. 
Ensuring validation in diagnostic testing is fit for purpose: a view from the 
plant virology laboratory. EPPO Bulletin 48, 105-115. 
Roossinck MJ, 2010. Lifestyles of plant viruses. Philosophical Transactions 
of the Royal Society B: Biological Sciences 365, 1899-1905. 
 
   53 
 
Roossinck MJ, Martin DP, Roumagnac P, 2015. Plant virus metagenomics: 
advances in virus discovery. Phytopathology 105, 716-727. 
Roossinck MJ, Saha P, Wiley GB, Quan J, White JD, Lai H, Chavarria F, 
Shen G, Roe BA, 2010. Ecogenomics: using massively parallel 
pyrosequencing to understand virus ecology. Molecular Ecology 19, 81-88. 
Rozado-Aguirre Z, Adams I, Collins L, Fox A, Dickinson M, Boonham N, 
2016. Detection and transmission of Carrot torrado virus, a novel putative 
member of the Torradovirus genus. Journal of Virological Methods 235, 119-
124. 
Rozado-Aguirre Z, Adams I, Fox A, Dickinson M, Boonham N, 2017a. 
Complete sequence and genomic annotation of carrot torradovirus 1. 
Archives of Virology 162, 2815-2819. 
Rozado-Aguirre Z, Marais A, Svanella-Dumas L, Faure C, Latour F, 
Villeneuve F, Dickinson M, Fox A, Boonham N, Candresse T, 2017b. First 
report of Carrot torradovirus 1 (CaTV1), a member of the Torradovirus 
Genus, infecting carrots in France. Plant Disease 101, 1333. 
Salto-Tellez M, Gonzalez De Castro D, 2014. Next‐generation sequencing: a 
change of paradigm in molecular diagnostic validation. The Journal of 
Pathology 234, 5-10. 
Savary S, Willocquet L, Pethybridge SJ, Esker P, Mcroberts N, Nelson A, 
2019. The global burden of pathogens and pests on major food crops. Nature 
Ecology & Evolution 3, 430-439. 
Seo J-K, Kang M, Kwak H-R, Kim M-K, Kim C-S, Lee S-H, Kim J-S, Choi H-
S, 2015. Complete genome sequence of motherwort yellow mottle virus, a 
novel putative member of the genus Torradovirus. Archives of Virology 160, 
587-590. 
Shivas R, Beasley D, Pascoe I, Cunnington J, Pitkethley R, Priest M, 2006. 
Specimen-based databases of Australian plant pathogens: past, present and 
future. Australasian Plant Pathology 35, 195-198. 
Singh M, Singh RP, 1995. Digoxigenin-labelled cDNA probes for the 
detection of potato virus Y in dormant potato tubers. Journal of Virological 
Methods 52, 133-143. 
Skelton A, Fowkes A, Adams I, Buxton-Kirk A, Harju V, Forde S, Ward R, 
Kelly M, Barber P, Fox A, 2018a. First report of Prunus necrotic ringspot virus 
and Mulberry cryptic virus 1 in mulberry (Morus alba) in the United Kingdom. 
New Disease Reports 37, 23. 
Skelton A, Uzayisenga B, Fowkes A, Adams I, Buxton-Kirk A, Harju V, Forde 
S, Ward R, Ritchie B, Rutherford M, Offord L, Umulisa C, Waweru B, 
Kagiraneza B, Karangwa P, Fox A, 2018b. First report of Pepper veinal 
mottle virus, Pepper yellows virus and a novel enamovirus in chilli pepper 
(Capsicum sp.) in Rwanda. New Disease Reports 37, 5. 
Stewart LR, Willie K, Wijeratne S, Redinbaugh MG, Massawe D, Niblett CL, 
Kiggundu A, Asiimwe T, 2017. Johnsongrass mosaic virus contributes to 
maize lethal necrosis in east africa. Plant Disease 101, 1455-1462. 
 
   54 
 
Strange RN, Scott PR, 2005. Plant disease: a threat to global food security. 
Annual Review of Phytopathology 43, 83-116. 
Sutula CL, Gillett JM, Morrissey SM, Ramsdell DC, 1986. Interpreting ELISA 
data and establishing the positive-negative threshold. Plant Disease 70, 722-
726. 
Tokuda R, Nishikawa M, Hosoe N, Nijo T, Iwabuchi N, Yoshida T, Watanabe 
K, Maejima K, Yamaji Y, Namba S, 2019. Complete Genome Sequence of a 
Carrot Torradovirus 1 Isolate, Obtained from Angelica keiskei in Japan. 
Microbiology Resource Announcements 8, e00110-00119. 
Van Brunschot S, Verhoeven JTJ, Persley D, Geering A, Drenth A, Thomas 
J, 2014. An outbreak of Potato spindle tuber viroid in tomato is linked to 
imported seed. European Journal of Plant Pathology 139, 1-7. 
Van Der Vlugt RA, Verbeek M, Dullemans AM, Wintermantel WM, Cuellar 
WJ, Fox A, Thompson JR, 2015. Torradoviruses. Annual Review of 
Phytopathology 53, 485-512. 
Varga M, Ferenczy L, 1956. Effect of ‘Rindite’on the Development of the 
Growth-substances in Potato Tubers. Nature 178, 1075. 
Verbeek M, Dullemans A, Van Den Heuvel H, Maris P, Van Der Vlugt R, 
2010a. Tomato chocolate virus: a new plant virus infecting tomato and a 
proposed member of the genus Torradovirus. Archives of Virology 155, 751-
755. 
Verbeek M, Dullemans A, Van Den Heuvel J, Maris P, Van Der Vlugt R, 
2007. Identification and characterisation of tomato torrado virus, a new plant 
picorna-like virus from tomato. Archives of Virology 152, 881-890. 
Verbeek M, Dullemans A, Van Den Heuvel J, Maris P, Van Der Vlugt R, 
2008. Tomato marchitez virus, a new plant picorna-like virus from tomato 
related to tomato torrado virus. Archives of Virology 153, 127-134. 
Verbeek M, Dullemans AM, Van Der Vlugt RA, 2017. Aphid transmission of 
Lettuce necrotic leaf curl virus, a member of a tentative new subgroup within 
the genus Torradovirus. Virus Research 241, 125-130. 
Verbeek M, Dullemans AM, Van Raaij HM, Verhoeven JTJ, Van Der Vlugt 
RA, 2014a. Lettuce necrotic leaf curl virus, a new plant virus infecting lettuce 
and a proposed member of the genus Torradovirus. Archives of Virology 159, 
801-805. 
Verbeek M, Piron P, Dullemans A, Cuperus C, Van Der Vlugt R, 2010b. 
Determination of aphid transmission efficiencies for N, NTN and Wilga strains 
of Potato virus Y. Annals of Applied Biology 156, 39-49. 
Verbeek M, Van Bekkum PJ, Dullemans AM, Van Der Vlugt RA, 2014b. 
Torradoviruses are transmitted in a semi-persistent and stylet-borne manner 
by three whitefly vectors. Virus Research 186, 55-60. 
Verdin E, Wipf-Scheibel C, Gognalons P, Aller F, Jacquemond M, Tepfer M, 
2017. Sequencing viral siRNAs to identify previously undescribed viruses and 
viroids in a panel of ornamental plant samples structured as a matrix of 
pools. Virus Research 241, 19-28. 
 
   55 
 
Verhoeven JTJ, Roenhorst J, 2003. Detection of a broad range of potato 
viruses in a single assay by mechanical inoculation of herbaceous test 
plants. EPPO Bulletin 33, 305-311. 
Vetten H, Ehlers U, Paul H, 1983. Detection of Potato Viruses Y and A in 
tubers by Enzyme‐Linked Immunosorbent Assay after natural and artificial 
break of Dormancy. Journal of Phytopathology 108, 41-53. 
Villamor DE, Ho T, Al Rwahnih M, Martin RR, Tzanetakis I, 2019. High 
Throughput Sequencing in Plant Virus Detection and Discovery. 
Phytopathology, 1-10. 
Visser M, Bester R, Burger JT, Maree HJ, 2016. Next-generation sequencing 
for virus detection: covering all the bases. Virology Journal 13, 1-6. 
Walvik L, Svensson AB, Friborg J, Lajer CB, 2016. The association between 
human papillomavirus and oropharyngeal squamous cell Carcinoma: 
Reviewed according to the Bradford Hill criteria for causality. Oral Oncology 
63, 61-65. 
Wangai A, Redinbaugh M, Kinyua Z, Miano D, Leley P, Kasina M, Mahuku G, 
Scheets K, Jeffers D, 2012. First report of maize chlorotic mottle virus and 
maize lethal necrosis in Kenya. Plant Disease 96, 1582  
Waterhouse P, Murant A, 1983. Further evidence on the nature of the 
dependence of carrot mottle virus on carrot red leaf virus for transmission by 
aphids. Annals of Applied Biology 103, 455-464. 
Wilson H, Goodman R, Israel H, 1976. Pinwheel inclusions in 
morphogenesis: a possible alternative to induction by viruses. Archives of 
Virology 51, 347-354. 
Xie L, Zhang J, Wang Q, Meng C, Hong J, Zhou X, 2011. Characterization of 
maize chlorotic mottle virus associated with maize lethal necrosis disease in 
China. Journal of Phytopathology 159, 191-193. 
Zadoks J, 2008. The potato murrain on the European continent and the 
revolutions of 1848. Potato Research 51, 5-45. 
Zechmann B, Zellnig G, 2009. Rapid diagnosis of plant virus diseases by 




   56 
 
2 PLANT VIRUSES AND VARROIDS IN THE UNITED KINGDOM: AN 
ANALYSIS OF FIRST DETECTIONS AND NOVEL DISCOVERIES FROM 










This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Fox, A., & Mumford, R. A. (2017). Plant viruses and viroids in the United 
Kingdom: An analysis of first detections and novel discoveries from 1980 to 








3 USE OF NEXT‐GENERATION SEQUENCING FOR THE IDENTIFICATION 
AND CHARACTERIZATION OF MAIZE CHLOROTIC MOTTLE VIRUS AND 






This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Adams IP, Miano DW, Kinyua ZM, Wangai A, Kimani E, Phiri N, Reeder R, 
Harju V, Glover R, Hany U, Souza-Richards R, Deb Nath P, Nixon T, Fox A, 
Barnes A, Smith J, Skelton A, Thwaites R, Mumford R, and Boonham N. (2013) 
Use of next-generation sequencing for the identification and characterization 
of Maize chlorotic mottle virus and Sugarcane mosaic virus causing Maize 
Lethal Necrosis in Kenya. Plant Pathology, 62:4, pp741-749 [DOI: 
10.1111/j.1365-3059.2012.02690.x]  
 















This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Adams IP, Skelton A, Macarthur R, Hodges T, Hinds H, Flint L, Deb Nath P, 
Boonham N, Fox A. (2014) Carrot yellow leaf virus Is Associated with Carrot 
Internal Necrosis. PLoS ONE, 9(11): e109125. 
doi:10.1371/journal.pone.0109125 
 




5 DIRECT TUBER TESTING FOR POTATO Y POTYVIRUS BY REAL-TIME 














This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Fox A, Evans F & Browning IA (2005) Direct tuber testing for Potato Y potyvirus 
by real-time RT-PCR and ELISA: reliable options for post-harvest testing?, 
EPPO Bulletin, 35, pp 93-97. https://doi.org/10.1111/j.1365-
2338.2005.00805.x 
 




6 THE APPLICATION OF NEXT-GENERATION SEQUENCING FOR 













This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Fox A, Adams IA, Hany U, Hodges T, Forde SMD, Jackson LE, Skelton A, 
Barton V (2015) The application of Next-Generation Sequencing for screening 








7 NEW APHID VECTORS AND EFFICIENCY OF TRANSMISSION OF POTATO 













This chapter is reproduced by kind permission of the publisher and has been 
previously published as: 
Fox A, Collins L, Macarthur R, Blackburn LF and Northing P. (2017) New aphid 
vectors and efficiency of transmission of Potato virus A and strains of Potato 
virus Y in the UK, Plant Pathology. 66, 2 pp325-335 doi: 10.1111/ppa.12561 
 



























8.1 Peer reviewed publications 
 
Vazquez-Iglesias I, Adams IP, Hodgetts J, Fowkes AR, Forde S, Ward R, 
Buxton-Kirk A, Kelly M, Santin-Azcona J, Skelton A, Harju V, Boonham N, 
Robinson R Clover G, Fox A, 2019. High throughput sequencing and RT-
qPCR assay reveal the presence of rose cryptic virus-1 in the United Kingdom, 
Journal of Plant Pathology, 101:1171-1175 
Fox A, Fowkes AR, Skelton A, Harju V, Buxton-Kirk A, Kelly M, Forde SMD, 
Pufal H, Conyers C, Ward R, Weekes R, Boonham N, Adams IP, 2019. Using 
High Throughput Sequencing in support of a plant health outbreak reveals 
novel viruses in Ullucus tuberosus (Basellaceae). Plant Pathology, 68, 576-
587 
Harju V, Forde S, Tozer H, Dible A, Buxton Kirk A, Fowkes A, Skelton A, Fox 
A, 2018. Plantago asiatica mosaic virus detected in Lilium in the UK, New 
Disease Reports 38, 25. [http://dx.doi.org/10.5197/j.2044-0588.2018.038.025] 
Adams IP, Fox A, Boonham N and Jones RAC, 2018. Complete genomic 
sequence of the potyvirus, Mashua virus Y, obtained from a 33-year-old 
mashua (Tropaeaolum tuberosum) sample, Microbiology Resource 
Announcements, 7, 15, e01064-18  
Adams IP, Fox A, Boonham N, Massaart S, De Jonghe K, 2018. The impact 
of high throughput sequencing on plant health diagnostics, European Journal 
of Plant Pathology, 152:4, 909–919,  
Maree HJ, Fox A, Al Rwahnih M, Boonham N and Candresse T, 2018. 
Application of HTS for Routine Plant Virus Diagnostics: State of the Art and 
Challenges. Frontiers in Plant Science. 9:1082.  
Skelton A, Fowkes A, Adams I, Buxton-Kirk A, Harju V, Forde S, Ward R, Kelly 
M, Barber P, Fox A, 2018. First report of Prunus necrotic ringspot virus and 
Mulberry cryptic virus 1 in mulberry (Morus alba) in the United Kingdom, New 
Disease Reports, 37, 23.  
 




Roenhorst JW, de Krom C, Fox A, Mehle N, Ravnikar M, Werkman AW, 2018. 
Ensuring validation in diagnostic testing is fit for purpose: a view from the plant  
virology laboratory. EPPO Bulletin, 48:1, 105-115 
Skelton A, Uzayisenga B, Fowkes A, Adams IP, Buxton-Kirk A, Harju V, Forde 
S, Ward R, Ritchie B, Rutherford M, Offord L, Umulisa C, Waweru B, 
Kagiraneza B, Karangwa P, Fox A, 2018. First report of Pepper veinal mottle 
virus, Pepper yellows virus and a novel enamovirus in hot pepper (Capsicum 
sp.) in Rwanda, New Disease Reports 37, 5.  
Fowkes A, Skelton A, Harju V, Adams IP, Ward R, Buxton-Kirk A, Forde S, 
Witham R, Fox A, 2017. First report of Broad bean wilt virus 2 in Veronica 
gentianoides in the UK. New Disease Reports, 36, 16.  
Pecman A, Kutnjak D, Gutiérrez-Aguirre I, Adams IP, Fox A, Boonham N and 
Ravnikar M, 2017. Next Generation Sequencing for Detection and Discovery 
of Plant Viruses and Viroids: Comparison of Two Approaches. Frontiers in 
Microbiology, 8:1998 
Harju V, Adams I, Flint L, Jackson L, Fowkes A, Skelton A, Forde S, Fairless 
N, Field C, Marsden S, Lane C, Barham E, Fox A, 2017. A follow-up report 
regarding new hosts and distribution of European mountain ash ringspot-
associated virus in Sorbus spp. in England. New Disease Reports, 36, 13.  
Reeder RH, Edgington S, Baucas NS, Joshi RC, Bas-ilan MAG, Skelton A, 
Fowkes A, Harju V, Ward R, Kelly M, Buxton Kirk A, Forde S, Fox A, Annamalai 
S, 2017. First report of Turnip yellow mosaic virus in Chinese cabbage and 
rocket in the Philippines. New Disease Reports, 36, 8.  
Fox A, Mumford R.A, 2017. Plant viruses and viroids in the United Kingdom: 
an analysis of first detections and novel discoveries from 1980-2014. Virus 
Research, 241, 10-18  
Rozado-Aguirre Z, Adams IP, Fox A, Dickinson M, Boonham N. 2017. 
Complete sequence and genomic annotation of Carrot torradovirus 1, Archives 
of Virology, 162:9, 2815-2819  
 




Fox A, Rozado Z, Adams IP, Skelton A, Dickinson M. and Boonham N, 2017. 
Investigating the viral causes of internal necrosis in carrot. Acta Horticulturae. 
1153, 245-250  
Rozado-Aguirre Z, Marais A, Svanella-Dumas L, Faure C, Latour F, Villeneuve 
F, Dickinson M, Fox A, Boonham N, Candresse T, 2017. First report of Carrot 
torradovirus-1 (CaTV1), a member of the Torradovirus genus, infecting carrots 
in France. Plant Disease, 101, 7  
Fox A, Collins L, Macarthur R, Blackburn L.F. and Northing P, 2017. New aphid 
vectors and efficiency of transmission of Potato virus A and strains of Potato 
virus Y in the UK, Plant Pathology. 66:2, 325-335  
Fox A, Fowkes A, Buxton-Kirk A, Jackson L, Forde S,  Ward R, MacIvor A,  
Harju V, Skelton A, and Adams IP, 2016. First report of Potato aucuba mosaic 
virus in Solanum jasminoides in the United Kingdom, New Disease Reports, 
34, 32.  
Fox A, Harju V, Skelton A, Jackson L, Buxton-Kirk A, Forde S, England J, 
Lazenby M, Suarez-Martinez F. and Adams IP, 2016. First report of Viola white 
distortion associated virus in Viola tricolor in the United Kingdom, New Disease 
Reports. 34, 1.  
Rozado Z, Adams IP, Collins L, Fox A, Dickinson M, and Boonham N, 2016. 
Detection and transmission of Carrot torrado virus, a novel putative member 
of the Torradovirus genus, Virological Methods. 235, 119-124  
Hodgetts J, Flint LJ, Fox A, 2015. First report of 'Candidatus phytoplasma ulmi' 
(16SrV-A) associated with Ulmus cultivar Morfeo (elm) in the United Kingdom. 
New Disease Reports, 32, 26.  
Fox A, Adams IA, Hany U, Hodges T, Forde SMD, Jackson LE, Skelton A, 
Barton V, 2015. The application of Next-Generation Sequencing for screening 
seeds for viruses and viroids, Seed Science and Technology, 43, 1-5.  
Hodgetts J, Flint LJ, Davey C, Forde S, Jackson L, Harju V, Skelton A, Fox A, 
2015. Identification of 'Candidatus Phytoplasma fragariae' (16Sr XII-E) 
 




infecting Corylus avellana (hazel) in the United Kingdom. New Disease 
Reports, 32, 3.  
Van der Vlugt R, Verbeek M, Dullemans A, Wintermantel WM, Cuellar WJ, Fox 
A, Thompson JR, 2015. Torradoviruses, Annual Review of Phytopathology 
01/2015; 53, 485-512  
Hodgetts J, Flint LJ, Daly M, Harju VA, Skelton AL, Fox A, 2015. Identification 
of 'Candidatus Phytoplasma solani' (16Sr XII-A) infecting strawberry plants in 
the United Kingdom. New Disease Reports 31, 5.  
Adams IP, Skelton A, Macarthur R, Hodges T, Hinds H, Flint L, Deb Nath P, 
Boonham N, Fox A, 2014. Carrot yellow leaf virus Is Associated with Carrot 
Internal Necrosis. PLoS ONE, 9(11): e109125.  
Adams I.P, Rai S, Deka M, Harju V, Hodges T, Hayward G, Skelton A, Fox A, 
Boonham N, 2014. Genome sequence of vanilla distortion mosaic virus 
infecting Coriandrum sativum, Archives of Virology, Springer, 159:12, 3463–
3465 
Adams I.P, Harju V.A, Hodges T, Hany U, Skelton A, Rai S, Deka M.K, Smith 
J, Fox A, Uzayisenga B, Ngaboyisonga C, Uwumukiza B, Rutikanga A, 
Rutherford M, Ricthis B, Phiri N. and Boonham N, 2014. First report of maize 
lethal necrosis disease in Rwanda, New Disease Reports, 29, 22.  
Fox A, Daly M, Nixon T, Brurberg MB, Blystad D, Harju V, Skelton A, Adams 
IP, 2013. First report of Tomato chlorotic dwarf viroid (TCDVd) in tomato in 
Norway and subsequent eradication. New Disease Reports, 27:8.  
Adams I. P, Miano D. W, Kinyua Z. M, Wangai A, Kimani E, Phiri N, Reeder R, 
Harju V, Glover R, Hany U, Souza-Richards R, Deb Nath P, Nixon T, Fox A, 
Barnes A, Smith J, Skelton A, Thwaites R, Mumford R, and Boonham N, 2013. 
Use of next-generation sequencing for the identification and characterization 
of Maize chlorotic mottle virus and Sugarcane mosaic virus causing Maize 
Lethal Necrosis in Kenya. Plant Pathology, 62:4, 741-749  
 




Harju V, Skelton A, Forde S, Bennett S, Glover R, Monger W, Adams I, 
Boonham N. and Fox A, 2012. New virus detected on Nasturtium officinale 
(watercress), New Disease Reports, 25, 1.  
Kelly P.L, Reeder R, Kokoa P, Arocha Y, Nixon T. and Fox A, 2011. First report 
of a phytoplasma identified in coconut palms (Cocos nucifera) with lethal 
yellowing-like symptoms in Papua New Guinea. New Disease Reports, 23, 9  
Fox A, Evans F & Browning IA, 2005. Direct tuber testing for Potato Y potyvirus 
by real-time RT-PCR and ELISA: reliable options for post-harvest testing? 
EPPO Bulletin, 35, 93-97.  
8.2 Book Chapters 
 
Fox A, 2019. Viruses and virus-like pathogens of plants. Chapter 4, Plant 
Diseases and Biosecurity, by Beales P, Elphinstone J, Fox A, Lane C, McCann 
D, Lacey T, Little J (2019), Editor Ann Fullick, Oxford Biology Primers, Oxford 
University Press, ISBN: 9780198827726 
Lacomme C, Pickup J, Fox A, Glais L, Dupuis B, Steinger T, Rolot JL, 
Valkonen JPT, Kruger K, Nie X, Modic S, Mehle N, Ravnikar M, Hullé M, 2017. 
Transmission and Epidemiology of Potato virus Y.  Chapter 6 in Potato virus 
Y: biodiversity, pathogenicity, epidemiology and management, Edited by 
Lacomme, C., Glais, L., Bellstedt, D., Dupuis, B., Karasev, A., Jacquot, E., 
Springer International Publishing, Zurich, Switzerland. ISBN 978-3-319-
58860-5 
Adams IP, Fox A, 2016. Diagnosis of Plant Viruses Using Next-Generation 
Sequencing and Metagenomic Analysis. Chapter 14 in Current Research 
Topics in Plant Virology, Edited by Wang A, Zhou X. Springer International 
Publishing, Zurich, Switzerland. ISBN 978-3-319-32917-8 
Chabirand A, Anthoine G, Fox A, Laurenson L, 2016. Quality assurance for 
molecular testing in plant health. Chapter 10 in Molecular Methods in Plant 
Disease Diagnostics: principles and protocols. Edited by Boonham N, 
 




Tomlinson J, Mumford R. published CABI, Wallingford, UK. ISBN 978 1 78064 
147 8 
8.3 Conference papers 
 
Fox A, Monger W, Nixon T, Glover R, Barber P, 2009. Characterisation of an 
atypical isolate of Potato Virus M. Aspects of Applied Biology: Potato viruses 
and their vectors, 94, 35-40. 
Pickup J, Davie K, Fox A, Highet F, Holmes R, 2009. Epidemiology of viruses 
in Scottish seed potatoes. Aspects of Applied Biology: Potato viruses and their 
vectors, 94, 5-10. 
Browning IA, Fox A, Evans F, 2004. Direct tuber testing for Potato virus Y 
(PVY) by ELISA and real-time PCR. Proceedings of Crop Protection in 
Northern Britain 2004, 321-325. 
8.4 Technical research reports 
 
Fox A, Fowkes A, 2017. FV 453: Pea viruses: Investigating the current 
knowledge on distribution and control of pea viruses, AHDB-Horticulture 
project report.  
Fox A, Skelton A, Collins L, Blackburn L, Jackson L, 2015. FV382b: The 
epidemiology of Carrot yellow leaf virus (CYLV) – The development of a 
decision support system for the management of carrot viruses in the UK, 
AHDB-Horticulture project report.  
Fox A, Skelton A, Adams IP, Macarthur R, Harju V, Daly M, Forde S, Conyers 
S, 2013. FV382a: Internal browning of carrot: Investigating a link with the viral 
diseases PYFV and CMD, AHDB-Horticulture project report.   
Fenton B, Lacomme C, Collins L, Fox A, Pickup J, Evans A, Northing P, 
Anderson E, 2013. R428: Aphids and virus transmission in seed crops, AHDB-
Potatoes project report.  
 




Fox A, Harju V, Forde S, 2011. FV382: Symptomatic survey of carrot viruses, 
AHDB-Horticulture project report.  
Fox A, Monger W, 2011. PC294: Detection and elimination of solanaceous 
viroids in tomato seeds and seedlings, AHDB-Horticulture project report.  
8.5 Scientific opinion risk assessments 
 
(External expert on behalf of the EFSA Panel on Plant Health) 
EFSA Panel on Plant Health (PLH), 2012. Scientific Opinion on the risk to plant 
health posed by Chrysanthemum stunt viroid for the EU territory, with 
identification and evaluation of risk reduction options. EFSA Journal 
2012;10(12):3027. [87 pp.]. [doi:10.2903/j.efsa.2012.3027]  
EFSA Panel on Plant Health (PLH), 2011. Scientific Opinion on the 
assessment of the risk of solanaceous pospiviroids for the EU territory and the 
identification and evaluation of risk management options. EFSA Journal 
2011;9(8):2330. [133 pp.] [doi:10.2903/j.efsa.2011. 2330]. 
 




9 APPENDIX 2. CO-AUTHOR CONTRIBUTION STATEMENTS 
  
 

































Please also see accompanying letters from: 
Dr D. Miano, Dr R. Reeder, Ms. U Hany, Prof. P Deb-Nath, Mr. T Nixon, Prof. 
R. Mumford, Prof N. Boonham 
The following co-authors did not respond to requests for co-author statements, 
despite repeated email contacts: 
Mr Z. Kinyua, Dr A. Wangai, Mrs E Kimani, Mr N Phiri 
The following co-author could not be contacted due to no forwarding details: 
Dr R. Thwaites 
  
 




























9.6 Co-author statement Prof. P Deb-Nath 
 
 



















9.8 Co-author statement Prof. R Mumford, Chapter 3 
 
 






















9.10 Co-author coversheet Chapter 4 
 
 
Please also see accompanying co-author statements from: 
Dr T. Hodges, Mr H. Hinds, Prof. P. Deb-Nath and Prof. N. Boonham 
Despite repeated attempted email contacts the following co-author did not 
respond to requests for a co-author statement: Dr L. Flint 
  
 


































Please also see accompanying co-author statements from: 
 




Ms U Hany, Dr T Hodges 
  
 




9.15 Co-author coversheet Chapter 7  
 
 
 
